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Welcome to the study of physics . This volume, more of a 
student's guide than a text of the usual kind, is part of a 
whole group of materials that includes a student handbook, 
laboratory equipment, films, programmed instruction, readers, 
transparencies, and so forth. Harvard Project Physics has 
designed the materials to work together. They have all been 
tested in classes that supplied results to the Project for 
use in revisions of earlier versions.: 

The Project Physics course is the work of about 200 scien- 
tists, scholars, and teachers from all parts of the country, 
responding to a call by the National Science Foundation in 
1963 to prepare a new introductory physics course for nation- 
wide use.. Harvard Project Physics was established in 1964 , 
on the basis of a two-year feasibility study supported by 
the Carnegie Corporation. On the previous pages are the 
names of our colleagues who helped during the last six years 
m ^ lat became an extensive national curriculiim development 
pre ram. Some of them worked on a full-time basis for sev- 
er. L years) others were part-time or occasional consultants, 
CO triburing to some aspect of the whole course;, but all 
v/e 8 valued and dedicated collaborators who richly earned 
th gratitude of everyone who cares about science and the 
im rovement of science teaching. 

Harvard Project Physics has received financial support 
froi the Carnegie Corporation of New York, the Ford Founda- 
tion the National Science Foundation, the Alfred P. Sloan 
Foundc ion, the United States Office of Education and Harvard 
Univers ty. In addition, the Project has had the essential 
support c several hundred participating schools throughout 
the United ^ *ates and Canada, who used and tested the course 
as it went thx^ ah several successive annual revisions. 

The last and largest cycle of testing of all materials 
is now completed; the final version of the Project Physics 
course v;ill be published in 1970 by Holt, Rmehart and 
Winston, In^^. , and v:ill incorporate the final revisions and 
improvements as necessary. To this end we invite our students 
and instructors to write to us if in practice they too discern 
v/ays of improving the course materials. 

The Directors 

Harvard Project Physics 
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Prologue In Unit 6 we shall dig deeper into the problem of 
the constitution of matter by studying the atomic nucleus. 
In Unit 5 we learned that the atom consists of a very small, 
positively charged nucleus surroundei by electrons. Experi- 
ments on the scattering of a particles showed that the nucleus 
has dimensions of the order of 10"^ m. Since the diameter 
of an atom is of the order of lO-^^m, the nucleus takes up 
only a minute fraction of the volume of an atom. The nucleus, 
however, contains nearly all of the mass of the atom, as is 
also shown by the scattering experiments. The existence of 
the atomic nucleus and its properties raised new questions. 
Is the nucleus itself made up of still smaller units? If so, 
what are these units and how are they arrant ed in the nucleus? 
What methods can be used to get answers to these questions? 
What experimental evidence do we have to guide us? 

We saw in Unit 5 that the study of the properties and 
structure of atoms needed new physical methods. The methods 
that could be used to study the properties of bodies of ordi- 
nary size, that is, with dimensions of the order of centime- 
ters or meters, could not yield information about the struc- 
ture of atoms. It is reasonable to expect that it is still 
more difficult to get information tailing us what, if anything, 
goes on inside the nucleus, which is such a small part of the 
atom. New kinds of experimental methods are needed and new 
kinds of experimental data must be obtained. New theories 
must be devised to help us correlate and understand the data. 
In these respects the study of the nucleus is still another 
step on the long road from the very large to the very small 
along which we have traveled in this course. 

One ot the first and most important steps on the road to 
understanding the atomic nucleus was the discovery of radio- 
activity in 1896. Our discussion of nuclear physics will, 
therefore, start with radioactivity. We shall see how the 
study of x-adioactivity led tc additional discoveries, to the 
development of methods for getting at the nucleus, and to 
ideas about the constitution of the nucleus. In fact, the 
discovery that the atom has a nucleus was a consequence of 
the study of radioactivity. We shall examine the interaction 
between experiment and theory and the step-by-step development 
of ideas about the nucleus. We shall try to see how particu- 
lar experimental results led to new ideas and how the latter, 
in turn, led to new experiments. This historical study is 
especially useful and interesting because nuclear physics is 
a new branch of physics, which has been developed over a rel- 
atively short period of time. The reports and papers in which 
discoveries have been made known are readily available. The 

The energy released by nuclear reactions within stars makes them 
visible to us over vast distances. The star clouds shown here are 
over 10,000 light years away. The sun, a typical star, converts 
over 4 billion kg of hydrogen into radiant energy each second. 



research is still going on, and at an over- increasing rate. 
Progress m nuclear physics is closely related to modern 
technology, which both supplies tools for furtner research 
and applies some of the results of the research m practical 
ways. Some of these pra^^ical applications have serious 
economic and political erfects, and we read about them almost 
daily m our newspapers. 

When the use and control of nuclear technology is exciting 
front-page news, it may be hard to realize that the study of 
the atomic nucleus is connected with a chance discovery made 
m 1896. But it was that discovery which touched off the 
whole enterprise that we call nuclear physics, and it is 
there that we s' alx st^^rt. 




Before 1939 the main industrial 
use of uranium and its compounds 
was in the manufacture of colored 
glass, and only small amounts of 
uranium were needed. The study 
of the radioactivity of uranium 
also required only small amounts 
of uranium ore. As a rcsuU, 
ur.miuiii ^.is usually obtaiiiod .is 
a not-especi.U Iv dcM ratio by- 
product of industrial processes. 
Since 1939, uranium has become 
extremely important for re.isonj; 
we shall discuss in Chapter 24. 
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UrajiJLum-prospcct ing can be done using airborne 
inst rumcMit s . This method is faster than ground- 
based prospecting and can be used in many other- 
wise inaccessible places. 

Uranium-ore is mined in both "hard -rock" operations, 
such as the one m Colorado shown at the left, 
and in open-pit operations such as Che one in New 
Mexico shown below. 
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21-1 Becquerel 's discovery . The discovery of the phenomenon known 
as "radioactivity" early in 1896 by the French physicist Henri 
Becquerel (1852-1908) was another of those "accidents" that 
illustrate how the trained and prepared mind is able to re- 
spond to an unexpected observation. Only two months before, 
m November 1895, Rontgen had discovered x rays. In doing 
so, he had set the stage for the discovery of radioactivity. 
Rontgen had pointed out that x rays came from the soot on the 
glass tube where the beam of cathoJe rays (high-speed elec- 
trons) was hitting, and that at the same time light was emit- 
ted from that spot. When the cathode ray beam was turned off, 
the spot of light on the face of the glass tube disappeared 
and the x rays coming from that spot stopped. 

The emission of light by the glass tube when it is ex- 
cited by the electron beam is an example of the phenomenon 
called fluorescence . A considerable amount: of research was 
done on fluorescence during the latter part of the nineteenth 

f 4,7 : ViScove>r{^ c?p radioacfiviti^ 

Bflow is .1 photograph o* tht polL^tu'^i burtacc .1 
uranium-bt'cir in>i rock. On Lhe opposLtt p.uc .xH 
.autoradiojL^raph of the samr surface natie by p lac in.; 
Lho rock directly on a piece oi film, packa^in: 
boLh Ln a li^ht-tL^ht container, ..nci allow in, tht- 
i-lm to DC exposed for about ftft) hours. 
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X-ray production by bombard- 
mer.t of electrons oi glass. 




Henri Becquerel (1852-1908) 
received the 1903 Nobel Prize 
In physics (for the discovery 
of natural radioactivity) 
along with Pierre and Marie 
Curie (for the discovery of 
the radioactive elements 
radium and polonium). 
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century. A substance is said to be fluorescent if it itnrredi- 
ately emits visible liaht when struck by visible light of 
shorter wavelength, or by invisible radiations such as ultra- 
violet light, or by a beam of electrons. Fluorescence stops 
immediately when the exciting light is turned off. (The 
term phosphore scence is generally applied to an emission of 
visible light which continues after the exciting light is 
turned off.) 

Since the x rays also cane from the spot which showed 
fluorescence it seemed logical to see if there was a closer 
connection than Rontgen had suspected between x rays and 
fluorescence or phosphorescence. Becquerel was doubly for- 
tunate in having the necessary materials and training to 
study this problem. He was the son and grandson of physicists 
who had made important contributions in the field of phospho- 
rescence. In his Paris laboratory he had devised an instru- 
ment for examining materials in complete darkness a small 
fraction of a second after they had been exposed to a bril- 
liant light. The question occurred Becquerel: do minerals 
or other bodies that are made to fluoresce (or phosphoresce) 
with sufficient intensity also emit x rays in addition to the 
light rays? He tested a number of substances by exposing 
them to sunlight and looking to see whether they emitted 
X rays while phosphorescing. One of them was a salt of the 
metal uranium, a sample of potassium-uranyl sulfate. In his 
words : 

I wrapped a — photographic plate. . .with two sheets 
of thick black paper, so thick that the plate did not 
become clouded by exposure to the sun for a whole day. 
I placed on the paper a [crust] of the phosphorescent 
substance, and exposed the whole thing to the sun for 
several hours. When I developed the photographic plate 
I saw the silhouette of the phosphorescent substance 
in black on the negative. If I placed between the 
phosphorescent substance and the paper a coin or a me- 
tallic screen pierced with an open-work design, the 
image of these cbje*- "^s appeared on the negative. The 
same expe*-iment can be cried with a thin sheet of glass 
placed between the phosphorescent substance and the 
paper, which excludes the possibility of a chemical ac- 
tion resulting from vapors which might emanate from the 
substance when heated by the sun * s rays. 

We may therefore conclude from these experiments 
that the phosphorescent substance in question emits ra- 
diations which penetrate paper that is opaque to 
light 

Becquerel was careful to conclude from this experiment 
only that "penetrating radiations" were emitted from the phos- 
phorescent substance. He did not conclude that the substance 
emitted x rays while it phosphoresced because he had not yet 
verified that the radiations were x rays (though the radia- 
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tions were transmitted through the black paper) , or that they 
were actually related to the phosphorescence (though he 
strongly suspected that they were) . Before he could investi- 
gate these possibilities, he made this discovery: 

...among the preceding experiments some had been made 
ready on Wednesday the 26th and Thursday the 27th of 
February (1896] ; and as on those days the sun only 
showed itself intermittently, I kept my arrangements 
all prepared and put back the holders m the dark m 
the drawer of the case, and left in place the crusts 
of uranium salt. Since the sun did not show itself 
again for several days, I developed the photographic 
plates on the 1st of March, expecting to find the 
images very feeble. The silhouettes appeared on the 
contrary with great intensity. I at once thought that 
the action might be able to go on in the dark..... 

Further experiments verified this thought: whether or 
not the uranium compound was being excited by sunlight to 
phosphoresce, it continuously emitted something that could 
penetrate lightproof paper and other substances opaque to 
light, such as thin plates of aluminum or copper. Becquerel 
found that all the compounds of uranium — many of which were 
not phosphorescent at all — as well as metallic uranium itself 
had the same property. The amount of action on the photo- 
graphic plate did not depend on the particular compound of 
uranium used, but only on the amount of uranium present. 

Becquerel also found that the radiations from a sample of 
uranium were persistent and did not change, either in inten- 
sity or character, with the passing o^ ) change in 
the activity was observed when the saiupie of uranium or of 
one of its compounds was exposed to ultraviolet light, infra- 
red light or x rays. The intensity of the uranium radiation 
or "Becquerel rays," as they came to be known, was the same 
at room temperature (20°C) , at 200*^0 and at the temperature 
at which oxygen and nitrogen (air) liquefy, about -190°C. 

Becquerel also showed that the radiations from uranium 
produced ionization in the surrounding air. They could dis- 
charge positively or negatively charged bodies such as elec- 
troscopes. Thus, the uranium rays resemble x rays in two 
important respects: their penetrating power and their ioniz- 
ing power. Both kinds of rays were invisible to the unaided 
eye, although they affected photographic piates. But x rays 
and Becquerel rays differed in at least two important ways: 
cOT\pared to x rays, these newly discovered rays from uranium 
were less intense, and they could not be turned off. Bec- 
querel showed that even after a period of three years a given 
piece of uranium and its compounds continued to emit radia- 
tions spontaneously. 
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The air around the charged 
leaves of the electroscope 
becomes ionized by radiation 
from the uranium. The charged 
particles produced can drift 
to the leaves and neutralize 
their charge. The time taken 
for the leaves to fall is a 
measure of the rate of ioniza- 
tion of the gas, and hence of 
the intensity of the a-particle 
activity. 
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The years 1896 and 1897 were years of high excitement in 
physics, to a large extent because of the great i-iterest in 
X rays and in cathode rays. Since, as quickly oecaine evident, 
X rays could be used in medicine, they were the subject of 
much research. But the properties of the Becquerel rays were 
less spectacular and little work was done on them in the 
period from the end of May 1896 until the end of 1897. Even 
Becquerel himself turned his attention to other work. But 
the fact that the invisible rays from uranium and its com- 
pounds could not be turned off began to attract attention. 

Two questions were asked: first, what was the source of 
the energy creating the uranium rays and making it possible 
for them to penetrate opaque substances? And second, did 
any other of the seventy or more elements (that were known 
in 1898) have properties similar to those of uranium? The 
first question was not answered for some time although it was 
considered seriously. The second question was answered within 
a short time by the Curies, who thereby, early in 1898, opened 
a whole new chapter in physical science. 



Q1 Why was Becquerel experimenting with a uranimr compound? 

Q2 How did uranium compounds have to be treated in order to emit 
the '^Becquerel rays"? 

Q3 What was the puzzling property of the "Becquerel rays"? 
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other radioactive elements are discovered . One of Becquerel' s 
colleagues in Paris was the physicist Pierre Curie, who had 
recently married a Polish -born physicist, Marie Sklodowska. 
Marie Curie undertook a systematic study of the Becquerel 
rays and looked for other elements and minerals that might 
eirdt them. Using a sensitive electrometer which her husband 
had recently invented, she measured the small electric cur- 
rent produced when the rays ionized the air through which 
they passed. This current was assumed to be (and is) propor- 
tional to the intensity of the rays. With this new technique, 
she could find numerical values for the effect of the rays, 
and these values were reproducible within a few percent from 
one experiment to the next. 

One of her first results was the discovery that the element 
thorium (Th) and its compounds emitted radiations with proper- 
ties similar to those of the uranium rays. (The same finding 
was mad< independently in Germany by G. C. Schmidt, at about 
the same time.) The fact that thorium emits rays like those 
of uranium was of great importance because it showed that 
uranium was not the only source of the mysterious rays. The 
discovery spurred the search for still other elements which 
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might emit similar rays. The fact that uranium and thorium 
were the elements with the greatest known atomic masses in- 
dicated that the very heavy elements might have special prop- 
erties different from those of the lighter elements. 

The evident importance of the problems raised by the dis- 
covery of the uranium and thorium rays led Pierre Curie to 
lay aside his researches in other fields of physics and work 
with his wife on these new problems. They found that the in- 
tensity of the emission from any thorium compound was directly 
proportional to the fraction by weight of the metallic element 
thorium present. (Becquerel found a similar result for ura- 
nium compounds.) Moreover, the amount of radiation was inde- 
pendent of the physical conditions or the chemical combina- 
tion of the active elements. These results led the Curies 
to the conclusion that the emission of the rays depended only 
on the presence of atoms of either of the two elements ura- 
nium or thorium. The rate of emission was not affected either 
by changes of the physical state or by chemical changes of the 
compounds containing atoms of the elements. To the Curies, 
these results meant that an explanation of radioactivity lay 
within the atom itself and not in its chemical combinations. 
The Curies also deduced that chemical ccxnpounds or mixtures 
containing uranium or thorium are more or less active depend- 
ing on whether they contain a greater or smaller proportion 
of these metals. Atoms of other elements that were present 
were simply inactive or absorbed some of the radiation. 

These ideas were especially important bec-use they helped 
the Curies interpret their later experiments. For example, 
in their studies of the activity of minerals and ores of ura- 
nium and thorium they examined the mineral pitchblende, an 
ore containing eibout 80 percent uranium oxide (U3O8). They 
found that the emission from pitchblende, as measured by its 
effect in ionizing air, was about four or five times as great 
as that to be expected from the amount of uranium in the ore. 
The other elements known at the time to be associated with 
uranium in pitchblende, such as bismuth and barium, had been 
shown to be inactive. If emission of rays is an atomic phe- 
nomenon, the unexpected pitchblende activity could be ex- 
plained only by the presence in pitchblende of another ele- 
ment more active than uranium itself. 

To explore this hypothesis, the Curies applied chemical 
separation processes to a sample of pitchblende in order to 
try to isolate this hypothetical active substance. After 
each separation process, the products were tested, the inac- 
tive part discarded and the active part analyzed further. 



a. c. 
b< c. 




Marie Curie. 
Marie and Pierre. 
Marie, Irene and Pierre; 
all 3 won Nobel prizes J 
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Pierre Cu-ie (1859-1906) studied 
at the Sorbonne in Paris. In 
1878 he became an assistant 
teacher in the physical labora- 
tory there, and some years later, 
professor of physics. He was 
well known for his resea. ch on 
crystals and magnetism. He 
married Marie Sklodowska in 1895 
(she was 28 years old). After 
their marriage, Marie undertook her 
doctoral research on radioactivity. 
In 1898 Pierre joined his wife in 
this work. Their collaboration w:.3 
so successful that in 1903 they were 
awarded the Nobel Prize in physics, 
which they shared with Becquerel. 
Pierre Curie was run over and killed 
by a horsedrawn vehicle in 1906. 
Mane Curie was appointed to his 
professorship at the Sorbonne, the 
first woman to have this post. In 
1911 she was awarded the Nobel Prize 
in chemistry for the discovery of 
the two new elements, radium and 
polonium. She is the only person 
who has won two Nobel science prizes. 
The rest of her career was spent in 
the supervision of the Paris Insti- 
tute of Radium, a center for research 
on radioactivity and the use of radium 
in the treatment of cancer. Marie 
Curie died in 1934 of leukemia, a 
form of cancer of the leukocyte- 
forming cells of the body, probably 
caused by over-exposure to the radia- 
tions from radioactive substances. 



10 








\ 1 



ERiq 



212 

Finally, the Curies obtained a highly active product which 

presumably consisted mainly of the unknown element, in a 

note called "On a New Radioactive Substance Contained in 

In this note the term Pitchblende" and submitted to the French Academy of Sciences 
"radioactivity" was used - -r , ^ 
\ for the first time. ^"^^^ ^^^^ ' they reported: 

By carrying on these different operal ions ... finally 
we obtained a substance whose activity is about 400 
times greater than that of uranium.... 

We believe, therefore, that the substance which we 
removed from pitchblende contains a metal which has 
not yet been known, similar to bismuth in its chemical 
properties. If the existence of this new metal is 
confirmed, we propose to call it polonium , after the 
name of the native country of one of us. 

Six months after the discovery of polonium (given the sym- 
bol Po) , the Curies separated another substance from pitch- 
blende and found the emission from it so intense as to indi- 
cate the presence of still another new element even more 
radioactive than poloniun. This substance had an activity 
per unit mass 900 times that of uranium and was chemically 
entirely different from uranium, thorium or polonium. Spec- 
troscopic analysis of this fraction revealed spectral lines 
characteristic of the inactive element barium, but also a line 
in the ultraviolet region that did not seem to belong to any 
known element. The Curies reported their belief that the 
substance, "although for the most part consisting of barium, 
contains in addition a new element which produced radioactiv- 
ity and, furthermore, is very near barium in its chemical 
properties." For this new element, so extraordinarily radio- 
active, they proposed the name radium (chemical symbol Ra) . 

A next step in making the evidence for the newly discovered 
elements more convincing was to determine their properties, 
especially the atomic masses. The Curies had maao it clear 
that they had not yet been able to isolate either polonium 
or radium in pure form, or even to obtain a pure sample of a 
compound of either element. Fran the material containing the 
strongly radioactive substance that they called radium, they 
had separated a part consisting of barium chloride mixed with 
a presumably very small quantity of radium chloride. Addi- 
tional separations gave an increasing proportion of radium 
chloride. The difficulty of this task is indicated by the 
Curies' remark that radium "is very near barium in its chemical 
properties," for it is very difficult to separate elements 
whose chemical properties are similar. Moreover, to obtain 
their highly radioactive substances in usable amounts, they 
had to start with a very large amount of pitchblende. 

^2 W^t^ initial 100-kg shipment of pitchblende (from which 
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the uranium salt had been removed to be used in the manufac- 
jf ture of glass) the Curies went to work in ar. abandoned wood- 

shed at the School of Physics where Pierre Curie taught. 
Failing to obtain financial support, the Curies made their 
preparations without technical help in this "laboratory." 
Marie Curie wrote later: 

I came to treat as many as twenty kilograms of mat- 
ter at a time, which had the effect of filling the 
shed with great jars full of precipitates and liquids. 
It was killing work to carry the receivers, to pour 
off the liquids and to stir, for hours at a stretch, 
the boiling material in a smelting basin. 

From the mixture of radium chloride and barium chloride 
only the average atomic mass of the barium and radium could 
be computed. At first ar* average value of 146 was obtained, 
as compared with 137 for the atomic mass of barium. After 
many additional purifications which increased the proportion 
of radium chloride, the average atomic mass rose to 174. 
Continuing the teaious purification process for four years, 
during which she treated several tons of pitchblende residue, 
Marie Curie was ab.le to report in July 1902 that 0.1 g of ra- 
dium chloride had bep^n obtained, so pure that spectroscopic 
examination showed no evidence of any remaining barium. She 
determined the atomic mass of radium and obtained the value 
( 225 (the present-day value is 226.03). In 1910, Marie Curie 

isolated radium metal by means of electrolysis of molten ra- 
dium chloride. The activity of pure radium is more than a 
million times that of the same mass of uranium; the present 
yield of radium from one ton of high-grade uranium ore is 
about 0.2 g. 



Q4 How Is radioactive emission of an element affected by being 
combined into different compounds? 

Q5 Why did the Curies suspect the existence of another radioac- 
tive material in uranium ore? 

Q6 What was the main difficulty in producing pure radium? 



21.3 The penetrating power of the radiation; B and y rays. 

The extraordinary properties of radium excited interest both 
inside and outside the scientific world. The number of 
workers in the field of radioactivity increased rapidly as 
the importance of the subject and the chance that it seemed 
to offer of further discoveries came to be recognized. The 
main question that attracted attention was: what is the na- 
ture of the mysterious radiations emitted by radioactive 
bodies, radiations which can affect photographic plates and 
ionize air even after passing through solid metal sheets? 
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In 1899, Ernest Rutherford, whose theory of the nuclear 
atom has been discussed in Chapter 19, started to seek answers 
to this question. He studied the absorption of the radiation 
from uranium by letting the radiatj.on pass through different 
thicknes.>'^s of aluminum foils. Rutherford thought that the 
way in wiiiCii the intensity of the radiation varied with the 
thickness of the aluminum might indicate whether the rays 
were of more than one kind.: He found that, after the passage 
of the radiation through 0.002 cm of aluminum, the intensity 
of the radiation (as measured by the ionization produced m 
dir) was reduced to about cne-twentieth of the initial value. 
The addition of a thickness of 0.001 cm of aluminum had only 
a ^/e^Y small further effect in cutting down the intensity. 
The intensity could be reduced further by about one half, by 
passing the radiation thro igh about fifty times as much foil. 
Rutherford concluded froni these experiments that uranium 
emits at least two distinct kinds of rays — one that is very 
readily absorbed, which he called for convenience a rc/s 
(alpha rays), and the other more penetrating, which ho .Tabled 
rays (beta rays) . 

In 1900 the French physicist P. Villari observed that the 
emission from radium contained rays much more penetrating than 
even the 6 rays, this type of emission was given the name y 
(gamma, rays. The penetrating power ol the three types of 
rays, as known at the time, is compared in the table below, 
first published by Rutherford m 1903: 



Radiation Type 
a rays 
B rays 



£'4JS'^:'Rart^e of alpha ond beta jf^irfrcfe^ 



The absorption of b rays givts 
rise to many modern practical 
applications of radioactivity. 
One example is the thickness 
gauge illustrated in the phoLC- 
graph and drawing at the right. 
Sheet metal or plastic is re- 
duced in thickness by rolling. 
The thickness is measured con- 
tinuously and accurately by de- 
termining the intensity of the 
B rays that pass through the 
sheet. The rolling is continued 
until the desired sheet thick- 
ness is obtained. 
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Approximate thickness of all 
minum traversed before the ra- 
diation intensity is reduced 
to one-half its initial value 

0.0005 cm 
0.05 cm 
8 cm 
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Of the three kinds of rays, the ct rays are the most strongly 
ionizing and the y rays the least; the penetration is inversely 
proportional to the ionization. The penetrating power of the 
a rays is low because they expend their energy very rapidly 
m causing intense ionization. Alpha rays can be stopped, 
that IS, completely absorbed, by about 0.006 cm of aluminum, 
oy a sheet of ordinary writing paper or by a few centimeters 
of air. Beta rays can travel many meters m air, but can be 
stopped by aluminum less than a centimeter thick. Gamma rays 
can pass through many centimeters of lead, or through several 
feet of concrete, before being almost completely absorbed. 
One consequence of these properties of the rays is that heavy 
and expensive shielding is sometimes needed m the study or 
use of radiations, especially y rays, to protect people from 
harmful effects of the rays. In some cases these "radiation 
shields" are as much as 10 feet thick. Ono example oi shield- 
ing around a target at the output of an electron accelerator 
IS shown below. 

^J' List OL , 3 and y rays in order of the penetrating ability. 
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Fig. 21.1 Separation of the 
a, Sand Y rays from a radio- 
active material by their pas- 
sage through a magnetic field. 
(Unless the apparatus were in 
a vacuum, the path of the a 
particles wou^Jd be much shorter 
than indicated.) 
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The charge and mass o f a, 6 and v ravs . Another method used 
to study the rays was to direct them through a magnetic field 
to see if they were deflected or deviated from their initial 
directions by the action of the field. This methoa which 
provide!, one of the most widely used tools for the study of 
atomic and nuclear events, is based on the now familiar fact 
that a force acts on a charged particle moving across a mag- 
netic field. As discussed m Unit 4, this force is always at 
right angles to the direction of motion of the charged par- 
ticle. The particle experierces a continual deflection and, 
m a uniform field, moves along the arc of a circle. 

This property had been usn<^ in the 1890 's by J. j. Thomson 
in his studies of cathode rays. He showed that these rays 
consist of very small negatively charged particles, or elec- 
trons (Chapter 18). Becquerel , the Curies and others found 
that the a, 6 and y rays behaved differently from one another 
in a magnetic field. The behavior of the rays is illustrated 
in the diagrams in the margin. 

Suppose that some radioactive material, such as uranium, 
is placed at the end of a narrow hole in a lead block; a nar- 
row beam consisting of a, 6 and y rays escapes from the open- 
ing. If a strong, uniform magnetic field is applied perpen- 
dicular to the plane of t.xie page away from the reader, the 
three types of rays are separated from each other. The y 
rays continue in a straight line without any deviation^ Thii 
6 rays are deflected strongly downwards, moving in circular 
arcs of differing radii. The a rays are bent slightly up- 
wards in a circular arc of large radius, but are rapidly ab- 
sorbed in the air after moving only a few centimeters from 
the lead block. 

The direction of the deflection of the 6 rays was the same 
as that observed earlier in Thomson's studies of th« proper- 
ties of cathode rays. It was concluded, therefore, that the 
B rays, like cathode rays, consist of negatively charged par- 
ticles. Since the direction of the deflection of the a rays 
was opposite to that of the 8 rays, it was concluded that the 
a rays consist of positively charged particles. Since the y 
rays were not deflected, it was concluded that they were neu- 
tral, that is, had no electric charge; no conclusion could be 
drawn from this type of experiment as to whether the y rays 
are, or are not, particles. The magnitude of the deflections 
suggests that the a particles have a much larger momentum than 
the 6 particles. The conclusions concerning the signs of the 
electric charges carried by the rays were tested by directing 
the deflected beam into an electroscope and determining the 
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charge that builds up on thie leaves. This was done by the 
Curies in 1900 to confirm the negative charge of the 6 
particles . 

The q/m for ::he bet.a particles could be found from their 
deflection in magnetic and electric fields. Becquerel, in- 
vestigating 0 particles m 1900, used a procedure which was 
essentially the same as that used by J, J, Thomson in 1897 

to obtain a reliable value for the ratio of charqe q to 

^ ^e 

mass for the particles in cathode rays (thereby estab- 
lishing quantitatively the existence of the electron) ♦ By 
sending 8 rays chrough crossed electric and magnetic field, 
he was able to calculate the speed of the 6 particles. He 
obtained a value of q/m for B particles which was in close 
enough agreement with that found by J. J. Thomson for the 
electron to permit the deduction that the 6 particles are 
electrons . 

The nature of the a radiation was more difficult to 
establish. The value of q/m for a particles (4.8 ^ 10^ 
coul/kg) was about 4000 times smaller than q/m for 6 par- 
ticles ♦ It was therefore necessary to use a very strong 
magnetic field to produce measurable deflections. Other 
evidence aval laddie at the time indicated that q for an a 
particle was not likely to be smaller than for a 6 particle 
It was therefore concluded that m would have to be much 
larger for the a particle than for the 6 particle. 

In fact, the value of q/m given above for a particles 
is just one half that of q/m for a hydrogen ion. The value 
would be explained in a reasonable way it the a particle 
were like a hydrogen molecule minus one electron (H2'*^) , or 
else if it were a helium atom (whose mass was known to be 
about four times that of a hydrogen atom) without its two 
electrons (He^^) . Other possibilities might have been 
entertained — for example, bare nuclei of carbon, nitrogen 
or oxygen would have about the same q/m ratio. But there 
were other reasons for thinking that a particles were 
related to helium. 
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Q8 What was the evidence that [5 particles arc electrons? 

Q9 What observation led to the suggestion that a particles 
are much more massive than 6 particles? 

21.5 The identity of a raya ; Rutherford^s "mousetrap*" It ^P^^j^ i *f. 

was known that the gas helium was always found impris- ^^m<^ S^WWed fflaf <>( - 

oned m radioactive minerals. In addition, Sir William ^5 It^plieTtw^ om rtUCleiAfi 

Ramsey and Frederick Soddy had discovered, in 1903, that COtX Chattae in ^WO otheT nUcWx 
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Fir,. 21 3 Rutherford»s 
"raoi'sctrap" for identi- 
fying a particles. 
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helium was liberated by a radioactive compound, radium bro- 
mide. Rutherford made the hypothesis that the a particle is 
a doub^y-ionized helium atom— a He atom minus two electrons 
—or, as we would now say, tha nucleus of a helium atom. In 
a series of experiments from 1906 to 1909 ho succeeded m 
proving the correctness of his hypothesis m several different 
ways. The last and mo9t convincing of these experiments was 
made m 1909, with T. D. Royds, by constructing what Sir 
James Jeans later called "a sort of mousetrap for a parti- 
cles." 

The experiment was based on the use of the radioactive 
element radon (Rn) , which has properties that made it espe- 
cially suitable for the experiment. Radon was discovered 
by Pierre Curie and A. Debierne m 1901. They placed some 
radium m a glass vessel and pumped air out of the vcr>sei un- 
til the air pressure was very low. They then found that the 
pressure in the ves,^,el increased because a gaseous substance 
was given off fron the radium. A small amount of the gas 
collected in this way was found to be a strong a particle 
emitter. The ^as was shown to be a new element and was 
called "radium emar.ution" and later "radon." Ramsey and 
Soddy showed that vhen this radon is stored in a closed ves- 
sel, helium always appears in the vessel. Thus helium is 
given off not oray by radium bromide but also by radon. 

Rutherford and Royds put a small amount of radon in a fine 
glass tube with a wall only one hundredth of a millimeter 
thick. This wall was thin enough so that a particles could 
pass through it. The tube was sealed into a thick-walled 
glass tube which had a discharge tube at the top. Fig. 21.3 
shows diagrai^s of the apparatus. The air was pumped out 
of the outer tube and the apparatus was allowed to stand for 
about a veek; During thi ; time, while a particles from the 
radon passed through the thin walls of the inner tube, a gas 
gradually collocced in '.he previousl" evacuated space. Mercury 
was then used ^.o -empress the gas anc .onf.ne it m the dis- 
charge tube. When a potentxal difference was applied to the 
electrodes of the discharge tube, an electric discharge was 
produced in the ga w The resulting light was examined with 
a spectroscope and ^he spectral lines characteristic of helium 
were seen. In a separate control experiment, helium gas it- 
self was put in the inner, tnin-walled tube instead of radon, 
and did not leak through the wall of the inner tube. 

Now It was clear how to interpret the results of these 
experiments: Rutherford could safely conclude that the helium 
gas that collected in the outer tube was formed from a par- 
ticles that had passed into the outer tube. Even at low 



gas pressures electrons were present so th=at the a particles 
could form neutral helium atans by capturing electrons, 

Rutherford's conclusion implied that an atom of an element 
(radon) spontaneously emits a fragment (^n a particle) which See "The Nature of the Alpha 

consists of the nucleus of another element (helium). The re- P^^^i^^^e" in Project Physics 

Keader $>, 

suit implied that a transmutation , the production of one ele- 
ment from another, occurs when radon emits an a particle. 



Q10 How did Rutherford know that the gas whicn appeared in the 
tube was helium? 



.6 Radioactive transformations . The emission of a and a par- SummoriA 3ii'(> 

tides presented difficult and important questions with re- AM rauiooclive athms are. 

spect to existing ideas of matter and its structure. The ^^j&<^ ^ divieioni a (omc. 
rapid development of chemistry in the nineteenth century had ^|^^vi^'n^^ r»Sutts -pt)m 
made the atomic-mo2ecular theory of matter highly convincing. 

According to this theory, a pure element consists of identi- 5. ^lifn^ff^md. oni Qoddtj 

postutafed itTNe IPieorvj d^rwio- 
active, thxytsfbYTTHitio^, 



cal atoms, and these atoms are indestructible and unchange- 
able. But, if a radioactive atom emits an a particle (shown 



enditna lyi a stable, ''dM^ter 



to be an ionized helium atom) , can the radioactive atom re- ^ ^ j • 4- 1 

u , 3. iKaoiUyri (gems underao a 

mam unchanged? The answer seems clearly to be "no"; a of Ihms^cti^Z 

transmutation must take place in which the radioactive atom ' ' -x-J . . 

is changed to an atom of a different chemical element. 

If an atom emits an a particle, a substantial part of its 
mass will be carried away by the a particle. Wnat about 
the atoms whicn emit $ particles? Tne 3 particle is not as 
massive as the a particle but its mass is not zero, and a 
radioactive atcxn must undergo some change when it emits a 
B particle. It was difficult to escape the conclusion that 
all radioactive atoms are, m fact, subject to division (into 
two parts of markedly unequal mass) , a conclusion contrary to 
the basic concept that the aton is indivisible. 

Another fundamental question arose m connection with the 
energy carried by the rays emitted by radioactive substances. 
As early as 1903 Rutherford and Soddy, and Pierre Curie and 
a young co-worker, A. Laborde, noted that radium emitted a 
large amount of energy — so large that a sample of radium kept 
itself at a higher temperature than the surrounding air merely 
by absorbing some of the energy of the a particles emitted by 
atoms in the sample. Curie and Laborde found ♦•hat one gram 
of radium releases about 100 calories of heat per hour (or 
0.1 kilocalorie) . Radium has the remarkable property that 
It can continue to release energy year after year, for hun- 
dreds and even thousands of years. 




The continuing release of such a quantity of heat could 
not be explained by treating radioactivity as if it werr an 



The water is being boiled by 
the heat produced by a small 
capsule of cobalt 60- This 
capsule, the first ever made 
to produce hoat fronr. radio- 
active cobalt, generated heat 
ar. the rate of 360 watts wh 
this photo waj; taken. 
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In i900, the English physicist 
Sir William Crookes found that 
most of tho observed activity 
of pure compounds o£ urannnn 
was not due to that eleaent, 
but to something else which 
could be separated chemically 
from the uranium. This active 
"something else" was called 
uranium X to distinguish it 
from uranium. Becquerel then 
separated the two substances 
and found that the activity of 
the uranium X decreased while 
that ct the uranium increased. 
Rutherford and Soddy, of whom 
we shall hear more in Chapter 
22, obtained similar results 
with compounds of thorium. 
Their results, published in 
1903, are shown be low 




4 i ro, 2o 

Rutherford and Soddy received 
the Nobel prize in chemistry 
for their work on the radio- 
active transformation cf one 
element Into another. 

In 1931 Rutherford was elevated 
to the British peerage becoming 
''Baron Rutherford of Nelson." 
It is said some similarity be- 
tween parts of his coat of arms 
and the diagram above has been 
Intentionally preserved. 

KrT!{h;HFORD OF NEI.SOK 
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ordinary chemical reaction. It was also clear that radio- 
activity did not involve chemical changes in the usual sense: 
energy was emitted by sariples of pure elements; energy emis- 
sion by compounds did not depend on the type of molecule m 
which the radioactive element was present. The origin of 
the production of heat had to be sought in some deeper 
changes within the atoms themselves. 

Rutherford and Soddy proposed a bold theory of radioactive 
transformation to explain the nature of these changes. They 
proposed that when a radioactive atom emits an a or a B par- 
ticle it really breaks into two parts — the a or B particle 
emitted, and a heavy left-over part, or residue, which is 
physically and chemically different from the "parent" atom. 
There was a good deal of evidence for the last part of the 
assumption. For example, there was the formation of radon 
from radium, discussed earlier. When the atomic mass of ra- 
don was determined, it turned out to be smaller than that of 
radium by just 4 atomic maiss units, the mass of an a particle. 

According to the proposal of Rutherford and Soddy, the 
formation of radon may be represented by means of a diagram: 



Ra 



Rn , 



In the diagram/ Ra stands for an atom of radivim and Rn 
for cin atom of radon. An equation analogous to a chemical 
equation may be used equally well: 



Ra 



•Rn + He 
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Here He stands fcr the heliiim atom formed when the a particle 
picks up two electrons and becomes neutral. The process may 
be described as the "disintegration" or "decay" or "transmu- 
tation" of radium into radon, with the emission of an a 
particle. 

In addition to the example just cited, many decay processes 
had been found and studied, by the Curies, by Rutherford and 
his co-workers, and by others / and these processes fitted 
easily into the kind of scheme proposed by Rutherford and 
Soddy. Radon also is radioactive, emitting an a particle and 
thereby decaying into an atom of an element which was called 
"radium A* at the time. Radium. A was shown to be poloniuir. 
(Po) . 

Rn ► Po + He . 

Polonium is a solid, and also is radioactive. In fact, the 
original radium atoms undergo a series or chain of trans- 
formations into new, radioactive, "daughter" elements, ending 
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with a "daughter" element which is stable, or non-radioactive. SG 21.5 



Q11 Why couldn't radioactive decay be an ordinary chemical reaction? 

Q12What was it about the products of decay that indicated nuclei 
were being transmuted? 

Radioactive decay series . The stable end-product of the 
decay of radium and its daughters was identified by its 
chemical behavior as lead. The chain beginning with radium 
has 10 members, some of which emit 6 particles rather than 
a particles. Gamma rays do not appear alone, but always 
together with an a particle or a 3 particle. Rutherford and 
Soddy also suggested that, since radium is always found in 
uranium ores, it may be a member of a series starting with 
uranium as the ancestor of all the members. Research showed 
that this is indeed the case. Each uranium atom may m time 
give rise to successive daughter atoms, radium being the 
sixth generation and stable lead the fifteenth. 

Table 21.1 shows the members of the uranium-radium series. 
The significance of some of the symbols will be discussed m 
later sections. The number following the name of an element, 
as in uranium 238, indicates the atomic mass. Notice that 

there are heavier and lighter varieties of the element, for Two other naturally occurring 
example, uranium 238 and 235, polonium 218, 214 and 210 Much ^^^^^^ctlve series have been 
r^rs^^ n w ^ ' found; one starts with thorium 

more will be sa^d about these varieties in the next chapter. 232 ano the other with uranium 

235 (see SG 22.7 and 22.8). 



Sunvnoru ^g/.y 
/. Uraniuhx afem? undemo a 
series of Ifxxn^armc^orli^ radium 
beina the 6* Qenerutdn and 
StahTe, lead (pil, ^^<>)ipxe (5*. 

SeferrArdn chfpsr^t jmembers 
o^irie series k extfemeliA djj^icuft 
due to ihe dose similorlli^ th 
chevnxcal )^m7par^'es vvnA Vi\d,e\\A 



Table 21.1 
Uranium-radium beries 
Old name 



Uranium I 

Uraniurr\ Xj 

Uranium X2 

Uranium II 

loniur.. 

Radium 

Radium 

emanation 

Radium A 

Radjum B 

Radium C 

Radium C'' 

Radium D 

Radium E 

Radium F 

Radium d 



: "RadhoptiKT-e dis(nt<zarxxii6n series 

Present name and symbol J Mode ot Ralf-li 

decay 

Ly-I: "Radioactive decaoi 



There Is also a fourth series 
starting with artificially 
produced plutonium (see SG 22.9) . 



fe 



Uranium 238 
Thorium 2 34 



90 



Protactinium 234 giPa^ 



Uranium 2 34 
Thorium 2 30 
Radium 226 

Radon 22 2 
Polonium 218 
Lead 214 
Bismuth 214 
Polonium 214 
Lead 210 
Bismuth 210 
Polonium 210 
Lead 206 



92U '^"^ 
9oTh230 

88Ra226 

8UP0218 

83Bl^^^ 

82Pb2 ' 
83Bl^^0 
2 1 0 



a / Y 



6,Y 



a,,Po 

8 2Pb^ 



3 

a , Y 
stable 



4 . 51 X 10^ years 
24.1 days 
1.18 minutes 
2.48 X 10^ years 
8 .0 X lO** years 
1620 years 

3.82 days 

3.05 minutes 

26.8 minutes 

19.7 minutes 

1.64 " 10""* seconds 

21.4 years 

5 . 0 days 

138.4 days 
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In 1898 the Curies obtained a 
total of about 200 grams of 
radium. Seventy years later 
(1968) 194 grams of this re- 
main as radium. The six grams 
of radium that have been lost 
correspond to 16 x 10^ ^radium 
atoms that have decayed into 
radon and subsequently into 
other elements during Lhese 
70 years. 
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Each member of the series differs physically and chemically 
from its immediate parent or daughters; it should, therefore, 
be possible to separate the different members of the chain. 
But the separation problem was made difficult by the fact 
that the different radioactive species decay at different 
rates, some very slowly, some rapidly, others at intermediate 
rates. These rates and their meaning will be discussed in 
the next section. 

An interesting example is supplied by the portion of the 
uranium series starting with the substance called polonium 
218. A pure sample may be collected by exposing to radon a 
piece of ordinary material such as a thin foil of aluminum. 
Some of the radon atoms decay into polonium 218 atcxns which 
are deposited on the surface of the foil. The graph at the 
left shows what becomes of the polonium 218. Polonium 218 
decays into lead 214, which decays into bismuth 214, which 
decays into polonium 214, then lead 210, etc. If the orig- 
inal sample contains 1,000,000 atoms of polonixim 218 when it 
is formed, after twenty minutes it will contain about 10,000 
polonium 218 atoms, about 660,000 lead 214 atoms, about 
240,000 bismuth 214 atoms and about 90,000 lead 210 atoms. 
The number of polonium 214 atoms is negligibly small because 
most of the polonium 214 changes into lead 210 in a small 
fraction of a second. The numbers of atans of these radio- 
active substances change with time, quite rapidly in this 
particular case. A sample of pure, freshly separated radium 
(Ra 226) would also change in composition in a complicated 
way, but much more slowly. Eventually it would consist of 
a mixture of radium 226, radon 222 polcniui 218, lead 214 
and all the rest of the members of the chaxn down to, and 
including, stable "radium G" (lead). A sample of pure ura- 
nium may contain, after a time, 14 other elements of which 
13 — all but the last, stable portion — contribute to the 
radioactive emission, each in its own way. A complicated 
mixture of elements results and many a particles, 3 par- 
ticles and Y rays are emitted, apparently continuously and 
simultaneously . 

It IS therefore evident that the separation of the differ- 
ent members of a radioactive chain is extremely difficult — 
especially if some members of the chain decay rapidly. The 
determination of the chemical nature and the radioactive 
properties of each member requires the greatest experimental 
ingenuity. One successful method depends on the skillful 
purification of a particular radioactive substance, as the 
Curies had done with radium and polonium. For example, sup- 
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pose that a sample has been obtained from which all the ra- 
dioactive substances except radium have been removed. The 
sample immediately starts to give off radon gas. The latter 
can be drawn off and its properties examined before it becomes 
seriously contaminated by the disintegration of many of its 
atoms into polonium 218. If this is done, ic turns out that 
radon decays (through several transformations) into lead much 
more quickly than radium decays into radon. 

Give at least 3 reasons for the difficulty of separating 
decay products. 

Decay rate and half-lifp. in the last section we saw that 

of 1, 000, 000 polonium 218 atoms present in a freshly pre- QunWtartj Si,% 

pared sample of that radioactive substance, only about ^p^HWeiltS sfKAvec/ ffwit ^«C^T 

10,000 would remain after twenty minutes, the rest having /Wwocfrve rxudeor Specl^^ had 
decayed into atoms of lead 214. At the and of only three ^ ^f^'^'^^'^t^^*^ 
minutes following preparation of the sample, fifty percent *-r«T^^i. 
of the atoms originally present in the sample would remain, Jj?. Ipie VCffe €^ decai/\ (flctiVittJ{) 
the other fifty percent having already decayed But it iS )pfOpOr1\dna[ id tie!^ mrtther 

would take 162 0 years for half of the radium atoms in a GUTVivtn^ atdrnS. 

freshly prepared sample of radium to be transformed into ^ -1-^ j ^ 

radon atoms. The two substances radium 226 and polonium 218 ^^^rg^^^ l^^oy^ 
illustrate the experimental fact that radioactive elements yxgK^re df ^diOOictJ^ Jec^ 
show great differences in their rates of decay. In addition, 
different atoms of a given element decay at different times; 
some decay as soon as they are produced, while others may 
never decay. But, m a sample consisting of an extremely 
large number of any given kind of radioactive atom, it has 
been found experimentally that the fraction of the number 
of atoms of that kind that decav per second is characteristic , 
fixed and unchangeable ; it is independent of all physical 
and chemical conditions, ^uch as temperature, pressure and 
form of chemical combination. These remarkable properties 
of radioactivity deserve special attention, and the meaning 
of the underlined statement above will be discussed m 
detail because it is basic to our understanding of radio- 
activity , 

The ratio of the activity to the total number of original 
atoms is the fraction of the original number of atoms that 
has decayed per unit time. This ratio is analogous to the 
death rate— m the case of the United States, about 5000 per- 
sons per day in a population of 200 million, or one person 
per 60,000 per day. 

Since the fraction of the atoms that decay per unit time 
IS constant, the number of atoms that decay per unit time 

must decrease in proportion to the number of atoms remaining. 2 3 



Ta^3: "f^adio active, decau <jur\/e 

2V8 J 

If the number of surviving atoms is plotted as a function of 
time, a curve such as that shown at the left is obtained. 

The curve that shows the number of atoms that have not 
decayed as a function of time approaches the time axis asymp- 
totically; that is, the number of survivors becomes small but 
never becomes zero. This is another way of saying that we 
cannot assign any definite time at which the value of N falls 
to zero. The smaller the number of unchanged atoms, the 
smaller is the number that decay per unit time. 

It is possible to specify the time required for any par- 
ticular fraction of a sample to decay — say 1/2 or 1/3 or 37%, 
for instance. For convenience in making comparisons, the 
fraction 1/2 has been chosen. The time T required for the 
decay of one-half the original atoms of u pure sample, Ruther- 
ford called the half-life . Each kind of radioactive atom has 
a unique half-life^ and thus the half-life of a substance can 
be used to identify a radioactive substance. As Table 21.1 
shows, these half-lives vary widely. 

For the parent of the uranium series, the half-life is 
4.5 billion years. This means that, after 4.5 ^ 10^ years, 
half of the uranium 238 atoms will have decayed. For polo- 
nium 214 the half-life is of the order of 1/10,000 of a sec- 
ond. If pure samples of each, containing the same number of 
atoms, were available, the initial activity of polonium 214 
would be very strong and that of uranium 238 very feeble. 
If left for even a minute, though, the polonium would have 
decayed so rapidly and the number of the surviving atoms 
would be so small, that the activity due to polonium v/ould 
be less than the activity of the urcinium.^ We can speculate 
that some radioactive elements, present in great quantities 
long ago, decayed so rapidly that no measureible traces 
are now left. Many radioactive elements decay so slowly 
that during any ordinary experimentation time their 
decay rates seem to be constant. 

Fig. 21.4 Radioactive decay curve. The 
curve continually approaches but never 
reaches the line Indicating zero percent. 
Because the activity of a sample is directly 
proportional to the number of atoms, this 
curve of the number of atoms surviving 
as a function of time also repre- 
sents the decreasing activity* 
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The principal advantage of the concept of half-life lies 
in the experimental result implied in Fig. 21.4 that, no mat- 
ter how old a sample with given half-life T is at a given 
moment, in an additional time interval T, half of the existing 
atoms will still survive. Thus, the half-life is not to be 
thought of as an abbreviation for "half a life." if one-half 
the original atoms remain unchanged after a time T, one-fourth 
(1/2 X 1/2) will remain after two consecutive half-life in- 
tervals 2T, one-eighth after 3T, and so on. Note how different 
the situation is for a population of, say, human beings in- 
stead of radioactive atoms. If we select a group of Nq 
bab'.es, half the number may survive to their 70th birthday; 
of these No/2 oldsters, none is likely to celebrate a 140th 
birthday. But of Nq radioactive atoms with a half -life of 
70 years, No/4 will have remained intact after 140 years, 
No/8 after 280 years, etc. The statistical probability of 
survival for atoms is unchanged by the age they have already 
reached; m humans, the probability of survival depends SG 217 

strongly on age. 2i 8 

We are not considering here the behavior of individual ^^'^ 
atoms, but the behavior of a very large number. If a hundred SG 2110 
thousand persons were to flip coins simultaneously just once, 
we could predict with good accuracy that about one-half of 
them would get heads. But we could not accurately predict 
that one particular person in this crowd would obtain heads 
on a single flip. if the number of coins tossed is small, 
the observed count is likely to differ considerably from the 
prediction of 50% heads. From experiments in radioactivity 
we can predict that a certain fraction of a relatively large 
number of atoms in a sample will survive in any given time 
interval — say, 1/2 will survive to reach the age T — but not 
whether a particular atom will be among the survivors. And 
as tl.o cample of survivors decreases in size owing to dis- 
integrations, our predictions about the fraction of survivors 

become less accurate; finally, when only a few atoms remain £^4^^ ' "Random e^fCrtts 
unchanged, the predictions are no longer meaningful. In 

short, the disintegration law is a statistical law, and is P^Az,^- U IT IT^ 
thus applicable only to large populations of the radioactive * '^^^ ""i* ^ 

atoms, not to the decay of individual atoms. It makes no 

assumptions as to wh^r the atoms disintegrate. The use of £"4-7: Half - Lfe 

this statistical law is justified because even a minute sam- 
ple of a radioactive element contains very many atoms. For ^aq i? A -H 
example, one-millionth of a gram of uranium contains 2.53 x ^ ' t^OKtC^m euewts 
10^^ atoms. 

In the discussion of the kinetic theory of matter we saw 
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(Nt/No) 
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After the half-life T, tlic 



ratio Nj^/Nq = \, So we ':an i^ubstitutt- * foi 
N^/No if we SMbstitut< f f or t in the equaticai: 
lo^Cj;) = - log (. Tins equation c in be ^^i-n- 
pliticd by reali/.ing t^hat lo^;(\) is -0.301 and 
lo^: c = O.A3^3: -0.301 = - 'T (0.'*3^iJ). Thus, 

= 0.693 . We tlu'itfore find that the product 
of th'- decay rate and the iialf-lifc is always 
equal to 0.b9 3. 



For example, radium has a decay rate = 1.30' 
^ 1 

per Second, so tlh half-life T of radium 



IS 0.693/1 .36 . 10 
40 



■11 



per second, which is equal 



to 5.10 



10 



cc or about 1690 years. 
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There is no relation between the use of the sym- 
bol A for decay rit^? and tlie use of ^ for wave- 
length. 
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that It IS a hopeless task to try to describe the motions of 
each individual molecule, but we coula calculate the average 
pressure of a gas containing a very large number of molecules. 
Similarly, m dealing with radioactivity we find that our in- 
ability to specify when each of the tremendous number of 
atoms in a normal sample will disintegrate makes a statistical 
treatment necessary.. 

OI'VHow much of a substance wlII be left after four of Lts half- 
lives? 

'•^blf, after many many half-Uves, only two atoms of a radio- 
active substance remain, what will happen during the next half- 
life? 




An early SNAP (Systems for Nu- 
clear Auxiliary Power) gener- 
ator installed in a Navy Transit 
4-A navigational satellite. The 
spontaneous fission of plutonium 
238 supplies a continuous flow 
of heat which is converted to 
electricity by thermocouples. 





This cutaway view of a SNAP-7 
generator shows how thermo- 
couples are arranged to con- 
vert heat from the radioactive 
strontium 90 cores directly to 
electrical energy. The outer 
wall is a thick metal shield 
designed to absorb radiation 
from the strontium 90, and the 
fins dissipate excess heat to 
keep the assembly at the design 
temperature. Most SNAP devices 
are built to produce a steady 
flow of electrical energy for a 
period of several years, so 
they are particularly adapted 
for use in satellites, untended 
lighthouses, ocean buoys and 
similar applications. 



21.1 Which of the Curies' dlscovories would have been unlikely if 
they had used Sfif querel* s ohptocraphic technique for detecting 
radioactivity'' nacifoacwilu of thorium vhxs frroporuonat to amounl 

of thortam NeU rod/oacTtve e^t^r^rtt'S poiontum c^d rxxdiuny 

21.2 A spectroscopic examination of the y rays from bismuth 214 
shows that rays of several discrete but different energies are 
present. The rays are said to show a "line spectrum." The mea- 
sured wavelength corresponding to one of the lines is 0.016X. 

a) Show that the enargy of each of the y-ray photons respon- 
sible for that line is ,1.2 x 10"^ ^ J. (Hint — see 
chapter 20.) ''^ ^ J^^'^ 

b) What is the equivalent energy in electron voltb? 0.75 

21.3 Suppose that in Fig., 21.1 the magnetic field strength is 
1.0 X 10" 3 N/amp.m. 

a) What would be the radius of curvature of the path of 
electrons entering the magnetic field with a speed of 
1.0 X 10' m/sec? (The charge and mass of the electron 

are 1.6 x 10"^^ coul and 9.0 x 10"3 1 kg respect ive ly . )5' "7 x /O'* rri 

b) If a particles entered the magnetic field with the same 
speed as the electrons in part (a), what would be the 
radius of curvature of their orbit? (The mass of ana 
particle is 6.7 x 10-^^ kg.) 4-^0 rr^ 

c) Compare your answers to parts (a) and (b) , "7350:1 

21.4 If the electrons described in part (a) of the previous 
problem pass through crossed electric and magnetic fields as 
shown in the lower sketch of Fig. 21.2, 

a) what must be the strength of the electric field to just 
balance the effect of a magnetic field of strength 

1.8 X 10-3 N/amp-m? / , (9 x iO^ N/couI 

b) what voltage must be supplied to the electric deflecting 
plates to proauce the electric field strength of part (a) 

of this problem if the plates are 0.10 m apart? i.O>c I O' volts 

c) what will happen to the a particles of problem 21.2 (b> 
moving through the crossed magnetic and electric fields 
of this problem? undie{\ected 

21.5 For each part below, select the most appropriate radiat ion(s) : 
a, B, or Y. 

a) most penetrating radiation y 

b) most easily absorbed by aluminum foil ^ 

c) most strongly ionizing radiation^ 

d) may require thick "radiation shields" for protection y 

e) cannot be deflected by a magnet y 

f) largest radius of curvature when travelling across 
a magnetic titld 

g) highest q/m value g 

h) important in Rutherford's and Royd's "mousetrap" 
experiment ^ 

i) involv^rd in the transmutation of radium to radon 
j) involved in the transmutation of bismuth 210 to 

polonium 210 ^ 

216 Suggest an exp. ..nation for the following observations; 

a) Th?. Curies noticed in 1899 rhat nonradioactive substances 
placed near a radium compound appeared to become radio- 

radj*-active uranium-containing compound was purified 
chemically, the uranium compound itself was left with a 
much smaller activity, and the separate residue contain- 
ing none of the uranium was strongly radioactive. 

The residue, cot^cuned daughters of high acf'WTtj ( si^ort half - (*fe ) 



a strChgly ^i^p^sited ryearhu 
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c) Becquerel found, in 1901, that in a case like (b) the 
uranium compound regained its original activity after 
several months while the residue gradually lost most 
of its activity durine the same timerJhe urarttun^ Cafnt^o^nJ 
c^r^hn^Hv^ trfecatje^ .rt& n^cre aCT^ve, dauc^ters . but f^e ^auahlp 5 t^c res^idue 
A Geiger counter shows that the rate of emission of par- *^«^ *^<>t replaced^ as 
tides from an initially pure samplo of a radioactive substance ^^fj deccxued. 
decreases to one -ha If the initial rate m 25 hours. 

a) What fraction of the oriijinal number of radioactive 
atoms is still unchanged at that time?-^ 

b) What fraction of the original number will have disinte- 
grated in 50 hours? 

c) What assumptions have you made in giving these answers? 



How 



21.8 

2.66 



might you check them? Assume ^ y^roc^cts oC decv,u 



1600 years.) 



a) 



Suppose at time t^ a sample of pure radium consisted oJ 
10^1 atoms. (The half-life of radium is approximately 



If is the number of radium atoms in the sample at a 
time't, make a graph of N vs. time covering a period of 
8000 years. 

b) Show that at the end of 8000 years, 8.3 x 10^^ radium 
atoms still remain in the sample. 

c) From your graph, estimate the Dumber of^radium atoms in 
the sample after 4000 years. ^ \0 afbms 

21.9 The cylinder in the beaker shown and described on p. 19 
reportedly contained "17,000 curies" of cobalt 60. A curie is 
defined as 3.70 x IQ^O disintegrations per second. 

a) How much energy is released per disintegration In the 
cobalt 60Y 5 7x '^"^ j^ule:r/^/«;irJfeirarron 

b) What would be the rate of heat production of that 
cylinder after 15 years? (The half-life of cobalt 60 
is approximately 5 years.) 

2110 Radioactive isotopes in quantities of 10 micro-curies or 
less can be purchased from the U.S. Atomic Energy Commission. 
How many d^is integrations per second occur in a 10 micro-curie 
sample? ^.yo x 10^ ^(Sirl\e£yuVcn [Sec 

2111 Plot the counting rate as a function of cime and determine 
the approximate half-Hfe of the substance having the following 
disintegration rates (counting rates): 



Time 
(hr) 

0.0 
0.5 
1.0 
1.5 
2.0 
3.0 
4.0 
5.0 



Counting 
rate 
(counts/min) 

• . • • 

9535 
8190 
7040 
6050 
4465 
3300 
2430 



Time 
(hr) 



0 



8.0 
9.0 
10.0 
11.0 
12.0 



Counting 
rate 
(counts/mir) 

1800 
1330 

980 

720 

535 

395 

290 



HOW many atoms decay each minute for each 10^ 
(Use the relationship XT = 0.693 derived on p, 
number remain constant? 



in the sample? 
Does this 



atoms 
26.) 

5^ io^ cctams/t^tn 



Yes, 



21.12 It takf^'S 10 years for 10 per cent of the atoms of a fresh 
sample of radioactive substance to decav. Ho:^ much of the 90 per 
cent that is left will decay in the next 10 years? ^^^^ ^ q^<J^ 
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22.1 T le concept of is otopes. The discovery that there are three 
radiO'-^ aive series, each containing apparently new elaments, 
raised a serious problem. In 1010 there were some empty 
spaces m the periodic table of the elements but there were 
not enough spaces for the many new elements. The periodic 
tablo represents an arrangement of the elements according to 
♦;heir chemj cal properties and, if it were unable to include 
the radioactive elements, it would have to be revised, per- 
haps m some drastic and fundamental way. 

Soddy suggested a solution that threw a flood of light on 
the nature of matter and or the pi^riodic law of tne elements. 
The c\ue to the puzzle lay xn the observation that some of 
the supposedly new elements had chemical properties identical 
with those of well-known elements, although some of their 
physical properties were different.. For example, the "great- 
granddaughter" of uranium was found to have the same chemical 
properties as uranium itself. The two could not be separated 
by chemical means; no chemist had detected, by chemical analy- 
sis, any difference between those two substances. But they 
do differ from each other m certain physical properties. 
They are now known to be «wo different forms of uranium- 
uranium 238 and uranium 234. respectively. As Table 21.1 
shows, uranium 238 and 234 have quite different half-lives: 
4.5 ^ 10'^ years and 2.5 ^ 10^ years, respectively; and the 
rrass of a uranium 234 atom must be smaller than that oi a 
uranium 238 atom by the mass of one a particle and two ^. 
particles. Another pair of radioactive substances, radium 3 
and radium G, were found to have the same chemical properties 
as lead: when mixed with lead they could not be separated 
from It by chemical means. These substances are now kncwi 
as lead 214 and lead 206, respectively. But lead 214 is 
radioactive and lead 206 is stable, and Table 21.1 shows 
that they must difier m mass by the mass of two ci particles 
and four e particles. There are ir.any other examples of such 
di f f erences . 



Sumrnaru SiSt I 

Y^voSK^n of ipie )p&r^d(o 
fok^e "id accornodate. i^e r^o^ 
Of^ive elermrtk was rmde art" 
nec4^^aru Soddiis cx>ncept 
of (soidpes. 



Soddy proposed that a chemical element could be regarded 
as a pure substance only m the sense that all of its atoms 
have the same '^hemical properties.. He suggested that a 
chemical element may in fact be a mixture of atoms some of 
which have different radioactive behavior and different 
atomic masses but the same chemical properties. This idea 
meant that one of the basic postulates of Dalton's atomic 
theory would have to be changed, namely the postulate that 
the atoms of a pure element are alike in all res>pects. 
According to Soddy, it is only in chemical properties that 
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the ctoms of a given element are identical. The several physi- 
cally different species of atoms making up a particular cle- 
ment occupy the same place m the periodic table, that is, have 
the same atomic nu'ober Z. Soddy called them isotopes of the 
element, from the Greek iso s and topos meaning same and place 
(same place in the periodic taole) . Thus uranium 238 and uran- 
ium 234 are isotopes of uranium;, lead 2M and lead 206 are iso- 
bC? 2 T topes of lead. 

The many species of radioactive atoms m the three radio- 
active series were shown by chemical analysis to be isotopes 
of one or another of the last eleven elements in the periodic 
table — from lead to uranium. For example, the second and 
fifth members of the uranium series were shown to bo • "otopes 
of thorium, with Z = 90- the 8th, 11th and 14th members turned 
out to be isotopes of polonium (Z = 84). The old symbols 
were therefore rewritten to represent both the chemical simi- 
larity and physical difference among isotopes. The present 
names, to': example, are uranium 238 and uranium 234 , shown 
in Table 21.1. 



Ol Why wasn't it necessary to expand th*? periodic table to fit 
in the newly discovered radioactive substances? 



22.2 Transformation rules . Two questions then arose: how do changes 
Summaru <25.a chemical nature come about in radioactive decay; and, more 

*TInc ir^^n5^<mTTC3rtT6>i rules specifically, what determines whether the atomic number Z m- 

]pre<?<icte^ SWCCCSSfUdM Hie creases or decreases in a radioactive transformation? 

^ J In 1913, the answers to these questions were given inde- 

pendently by Soddy m England and by A. Fajans \n Germany. 
They each proposed two rules we will call the transformation 
rules of radioactivity. Recall that by 1913 Rutherford's 
nuclear r^odel of the atom was generajly accepted. Using this 
model, one could consider a radioactive atom to have an un- 
stable nucleus which emits an a or particle. Every nucleus 
has a positive charge +Zq^, where Z is the atomic number and 
q^ IS the magnitude of the charge of an electron. The nucleus 
IS surrounded by Z electronj which make the atom as a whole 
electrically neutral and detei.ame the chemical behavior of 
the atom. An a particle has an atomic mass of about 4 units 
and a positive charge of 2 units, +2q^. A 6 particle has a 
negative charge of one unit, -q^, and very little mass. 

The ti nslormation rules may now be stated as follows: 

(1) When a nucleus emits an a particle, the .ass of the 

e^^Po^is ^g^Pb^M + a. ^^^^ decrear.es by 4 atomic mass units and the atomic number 

Z of the nucleus decreases by 2 units;, the resulting atom be- 
longs to an element two spact s back m the periodic table. 
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Example: 



(2) When a nucleus emits a S particle, the mass of 

^icrlases'bv^'oT'''''^^^""^''^"^^^' ^""^ ^^^^ ^^^-^^^ number Z E^-™Pl« = 

t^Zt^l ^ "2^''' resulting atom belongs to an 

n IS emitted, there is, of course, no change m the 

number of atomic mass units or the atomic number. 

Table 21.1 shows that these rules apply to the uranium- 
radium series so far as the atomic number is concerned. The 
Rutherford-Bohr model of the atom shows why a change in chem- 
ical nature occurs as a result of a or 6 emission. An a 
particle takes two positive charges from the nucleus, and 
the resulting new atom can hold two fewer electrons than be- 
fore in its outer shells. The new atom acts cheniically like 
an atom of an element with an atomic nurJaer two units less 
than that of the atom before the radioactive ctiange occurred. 
In 6 emission, the nucleus becomes more positively charged, 
by one unit. The number of electrons around the nucleus in- 
creases by one and the atom acts chemically like an ^tom 
with an atomic number one unit greater than that cf the atom 
before the radioactive change occurred. 

By using the transformation rules Soddy and Fajans were able 
to assign places in the periodic table to all of tho radio- 
active elements. Each of these elements fell into a place 
appropriate to its chemical properties so that no revision 
of the periodic table was needed. Many of the positions 
(determined by atomic number) between Z = 82 (lead) and Z = 92 
(uranium) now contained several isotopes. These results were 
consistent with the hypothesis of the existence of isotopes, 
but direct, independent evidence was also sought— nd it was SG 22.2 
obtained in 1914. 



Q2 By how many units does the Tiass of an atom change durine a 
decay? During 6 decay? ^ i-urj-ng a 

Q3 By how many units does the charge of a nucleus change duri 
a decay? During 6 decay? 



Direct evidence for isotopes of soddy knew tnat the 

stable end product of the uranium-radium series had the chem- 
ical properties of lead, and that the end product of the tho- 
rium series also had the chemical properties of lead. But he 
saw that these erd products should have atomic loasses dif- 
ferent from that of ordinary lead (that is, lead that „as not ^ ^eod £io& o^di ordraru I, -d 
produced from a radioactive series) . This result follows from sVwuv, -fe liave Itie Sfrktio^U 

a simple calculation of the change m mass as an atom decays " P«T^fies pnsd(cf€c( bij Soddy 
from the starting point of a radioactive series to the end 
point. The caJculation is simplified by ignoring beta decays 
m which no appreciable change in mass is involved. 



SunvnariA SSi.3 

i Exfenrfiey^ showeo( tfiat uraniUm 
wyas e}^ritucSiA 1?ans{hrrmd into a 
iigkt (sdtbpe. of lead^oM IfioriUm 
Vtib a heavij (sdtbpe. of fead. 



3. The (Question pyose^ : otkar 
BtMe elemerfts a yyti>dOra of 
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Frederick Soddy (1877-1956), an 
English chemist, studied at 
Oxford, and went to Canada in 
1899 to work under Rutherford 
at McGill University in Mon- 
treal. Tliere the two worked 
out their explanation of radio- 
active decay. Soddy returned 
to England in 1902 to work with 
Sir William Ramsay, the dis- 
coverer of the rare gsses argon, 
neon, krypton end xenon. Ramsay 
and Soddy showed, in 1903, that 
helium was continually produced 
by naturally radioactive sub- 
stances. In 1921, Soddy was 
awar'led the Nobel Prize in 
chemistry for bis discovery of 
isotopes. He was a professor 
of chemistry at Oxford from 
1919 to 1936. 



22.3 

In the uranium series 8 ^ particles, each with atomic 
mass of 4 units, are emitted. Hencs, the end product of 
the series is expected to have an atomic mass close to 
238 -(8x4)= 206 units • In the thorium series, the end 
product comes from thorium 232, with an atomic mass of about 
232 units, and 6 a particles are emitted along the way. It 
should tnerefore have an atomic mass cloce to 232 - (6 >^ 4) 
=20 8 units* The atomic mass of ordinary lead was known 
from cnemical analysis to be 207.2 units. The lead extracted 
from the mineral thorite, v;hich consists mainly of thorium 
and contains only one or two per cent by mass of uranium may 
be preiuir.ed to be the final product of tne thorium series. 
The jtc-nic mass of lead extracted from thorite should there- 
fore be significantly different from the atomic mass of lead 
extracted from a uranium mineral such as pitchblende, and 
from the atomic mass of or ^^y lead. 

Here was a quantitative t^^^^iction which could oe checked, 
and a number of chemists in Scotland, France, Germany, Austria 
and the United States attacked the problem. At Harvard Uni- 
versity, T. Richards found atomic masses as low as 206.08 
for samples of lead from ores rich m uranium. Chemists m 
Austria found samples of lead, in the ore uraninite, with an 
atomic mass of 206.04. Soddy and others found samples of 
lead from thorite with atomic masses as high as 207.8 and 
207.9. The results lefc no doubt that uranium was trans- 
formed into a light isotope of lead, and thorium into a 
heavier isotope of lead, and that both jsotopes have atomic 
masses different from that of ordinary lead (207.2). 

Richards and his co-workers iso found important similari- 
ties between ordinary lead and lead 206 < The densities of 
these two isotopes turned out to be proportional to the re- 
spective atomic masses, which implied that the atoms of lead 
206 and ordinary lead had the samr volume. Furthermore, 
lead 206 and ordinary lead were found to have th^ same opti- 
cal spectrum; their compounds had the sama solubility in 
water, and the crystals of their nitrates had the same index 
of refraction. Hence, lead 206 and ordinary lead were shown 
to have properties as similar as Soddy nad predicted and as 
Bohr's theory suggested they should bo. Together, all of 
these results meant that the theories of radioactivity and 
atomic structure that were emerging \n the early years of 
the twentieth century had passed a demanding test, and the 
confidence that physicists and chemists had in these theo- 
ries was greatly increased. 

The three forms of lead which were compared in the studies 
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^^Ifie riormai mi>dufB of all vari^ies lead . 



discussed so far, that is, ordinary lead, lead 206 (from 
uranium) and lead 20 8 (from thorium) were all stable — not 
radioactive. The question immediately arose whether other 
stable elements are really mixtures of isotopes.. In Soddy's 
words: 

Naturally the question was asked whether any of the com- 
mon elements, for which radioactive methods of analysis 
are not available, are, as supposed, really homogeneous 
elements: and whether any are mixtures of different iso- 
tooes, with different atomic masses but with identical 
chemical properties, so merely appearing to be hoir.ogeneous 
under chemical analysis. 



There are four naturally occur- 
ring lead isotopes:- 8 2^^^^'* 
and the end products of three 
decay chains: 

Q^Pb'-O^, from uranium; 
eoFb^^^, from actinium; 
g2Pb2 0 8 fj-oi^ thorium. 



How were the different atomic masses ot lead decay-products 
predicted? 



.4 Positive rays . It was hard to show that stable elements may 
be mixtures of isotopes because isotopes cannot be separated 
by ordinary chemical methods. Any attempt to separate a 

pair of isotopes must depend on a difference in some property ^^e!^me^^i^^^^)^d^^^^ ^ 
which depends, in turn, on the difference between their atom- phu^icjoMcJ bc^OUSe^ ifteu Cu^ 
ic masses.. However, except for the very lightest elements, (olGntiCQi chepTticOiUiJ 

the difference m atomic mass is small compared to the atom- 

ic masses themselves. For the lead isotopes discussed m the ^* IfwmsoH dcfX^clkol poSifTy^e 
last section the difference was only two units in about 200 ^^'^ ^ ^ ^ -flBlds Id 

units, or about one per cent. Any difference m a physical <^^P^ nHX^eS cf afofns: 

property between two isotopes having such a small mass dif- ^ "ffie. ytt^dorrt ^T9U9S SpectPv- 
ference would be expected to be very small, making separation amph (9 0^1 O^fWYtelu SC^St- 



difficult to achieve. Fortunately, when the question of tne 
possible existence of isotopes of stable elements arose, a 
method was available which could answer the question. This 
method, developed by J. J. Thomson and extended by A. J. 
Dempster and others, depended on the behavior of positively 



callu separdlma (sctope^ ortd 

Fig. 22.1 Discharge tube for 
producing a beam of positive 
ions.: The gas between anode 



charged ions v/hen these are traveling m electric and magnetic and cathode is ionized by the 

^. , , electric field. Positive ions 

fields. 



In a cathode ray tube, the electrons emitted from the 
cathode ionize the atoms of gas with which they collide. It 
was thought that the positive ions produced would accelerate 
toward the cathode and be neutralized there. In 1886, the 
German physicist Goldstein found that if holes are made in 
the cathode, rays pass through the cathode and emerge beyond 
It. Fig. 22.1 is a schematic diagram of a discharge tube for 
producing such rays. If the cathode fits the tube tightly, 
so that no gas can enter the region behind it, and if the 
holes are so small that very little gas can get through them, 
a high vacuum can be produced on the side where the rays 
emerge. The rays then have quite a long range and can be 
deflected by externally applied electric and magnetic fields. 



are then accelerated toward 
the cathode where some of them 
pass through small holes and 
enter the well-evacuated region 
beyond . 
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J. J. Thomson (1856-1940) at 
work in the Cavendish Laboratory, 

IfjowGone oppoYtdUs used pamllel 
electric and yva^netfo fiel<is- '(t 
da not prcfvlde ^ seiectirxcx \ons 
of <K si«ale speed. posme ions 
of a wio^spread of spegds passed 
WYvu^h /fie fi'eids end fbrmedl oi 
jpattern of parahola^ on a 
p^<^rophio pioXe ^ one porohda 
-for eack vari^ij wvi Sp^ of Ions. 



T/^ : Mass spec^oc^oph. 

J>6i : Mass 5peciro(^rafh 

: Iftorrtsoris' positive 
yutj parabolas 




Some mass spectrometers are 
portable; small ones similar 
to this are carried aloft for 
analysis of the upper atmos- 
phere . 
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From the direction of the deflections it was concluded that 
the rays consist of positively charged particles. The rays 
were therefore called "positive rays" and were thought 
(correctly) to consist of positively charged i-^ns of the 
atoms or molecules of the residual gas remaining m the dis- 
charge tube after partial evacuation. 

Thomson used the positive rays from different gases to de- 
termine the relative masses of the atoms of the gases. Rather 
than describe the details of Thomson's early apparatus we 
shall describe an improved type of instr^ament that is in com- 
mon use. This instrument typically consists of two parts: 
the first part provides a beam of ions all moving with the 
same speed; in the second part the ions pass through a mag- 
netic field, which deflects them from a straight path ^nto 
several different curved paths determined by their relative 
masses. ions of different mass are thus separated to such an 
extent that they can be detected separately. By analogy with 
the instrument that separates light of different wavelengths, 
the instrument that separates ions of different mass was 
^^^^^"^ ^ mass spectrograph . Its operation is explained on the 
opposite page. f^^f^^ 

Thomson had obtained results from measurement of ^ for 

m 

positive rays which were quite different from those obtained 
for cathode ray particles or 6 particles. Both the speeds 
and ^ were found to be smaller for gases with heavier mole- 
cules.: These results are consistent with the idea that the 
positive rays are streams of positively ionized atoms or 
molecules . 

Can the values of q and m be separately determined? The 
magnitude of q must be a multiple of the electron charge q 

that is. It can only be q^, or 2q^, 3q^, 4q^ The greater 

the charge, the greater the magnetic force will be and. there- 
fore, the more curved the path of the ions. In the apparatus 
of Fig. 22.2 a doubly ionized atom (an ion with charge +2q ) 
will follow a path with half the radius of that of a singly 
ionized atom of i^^imilar type, a triply ionized atom will 
trace out a semi-circular path with one-third the radius, 
etc. Thus, for each type of atom analyzed, the path with the 
largest radius will be that taken by the ions with the single 
charge q^. Since q is known for each path, the mass of the 
ions can be determined from the known values of q/m. 

The study of positive rays with the mass spectrograph made 
it possible to measure for the first time the masses of in- 
dividual atoms. With the methods used before, it was possible 
to obtain only average masses for very large numbers of atoms. 
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Fig. 22.2 The principle of the mass spectrograph. 



The magnetic separation of isotopes b^jins by 
electrically charging the atoms of a Sa^iple of 
material,^ for example by means of an electric 
discharge through a sample of gas. The resulting 
ions are then accelerated into a beam by an elec- 
tric potential difference. 



Before the different isotopes in the beam are 
separated^ there is usually a preliminary stage 
that allows only those ions with a certain veloc- 
ity to pass through. In one type, the ion beam 
initiaHy enters a region of crossed magnetic 
fields B and 2, where each ion experiences a mag- 
netic force of magnitude qvB and an electric force 
of magnitude qE, The magnetic and electric forces 
act on an ion in opposite directions, and only 
for ions of a certain speed will the forces be 
balanced, allowing them to pass straight through 
the crossed fields. For these ions qvB = qE, 
and so their speed v = E/B. Because only ions 
with this speed in the orij^inal direction remain 
in the beam, this part of the apparatus is called 
a velocity selector . 




The separation of isotopes is then accomplished 
by a magnetic field B* . As the beam enters this 
field, the magnetic force acts as a centripetal 
force to cause each ion to move in a circular 
arc whose radius R depends upon the ion*s charge- 
to-mass ratio. That is qvB' = mv^/R and so 
q/m = v/B*R., 



The divided beams of ions fall on either a photo- 
graphic plate (in a mass spectro graph) or a sen- 
sitive electrometer probe (in a mass spectro meter) . 
allowing the radii of their deflections to be 
calculated from the geometry of the apparatus. 
Since v, B' and R can be determined from measure- 
ments; the charge-to-mass ratio of each velocity 
of ions in the beam can be calculated. 



1 



A>JD b ) 
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The uncertainty of mass determinations made with modern mass 
spectrographs can be less than one part m a hundred thousand. 
Siommartj Ms that is, less than 0.001 percent. The difference m the 

/ 'Thofrt^on elnowed fftot ISdfepeS masses of the isotopes of an element is never less than about 
exii^ neon , ayr crdiharu 0.3 percent, and so is easily detected. 



Ob The curvature of an xon beam xn a magnetxc field depends on 
both the mass and speed of the xons. How then can a mass specto- 
graph make precise separation by mass? 



nooni^ iS^pic ntos^es: 



i^cfnnic^ues ay\d this Ynasc spcdro- 

gnoph -fe ver^tj "rtTat yieovx has — — ^ — . 

22.5 Separating Isotopes .. In Thomson's original instrument the 
3. Asten Skn^ fMr ^€r e/cmerife ^^^^^ was about one per cent, but this was small enourh to 
have, iGdtipQ^ Oyui hi^ measurina thermit Thomson to make the first observation of separated iso- 
#Te4K* yy^S Spedfra *l he calcufwd topes.- He introduced a beam of neon ions from a discharge 

tube containing chemically pure neon into his mass spectro- 
graph. The atomic mass of neon had been determined as 20.2 
atomic mass units by means of the usual methods for deter- 
mining the atomic (or molecular) mass of a gas. At about the 
position on the photographic plate where ions of atomic mass 
20 were expected to arrive, a dark line was observed when the 
plate was developed. But, in addition, there was also pres- 
ent a faint line such as would indicate the presence of par- 
ticles with atomic mass 22. No chemical element or gaseous 
compound was known which had this atomic or molecular mass.. 
The presence of this line suggested, therefore, that neon 
might be a mixture of one form, or isotope, with atomic mass 
20 and another isotope with atomic mass 22. The average chem- 
ical mass 20.2 would result if neon contained about ten times 
as many atoms of atomic mass 20 as of atomic mass 22. 

The evidence that neon has two isotopes was so striking 
that Thomson's associate, F. W. Aston, looked for further 
evidence that might bear on this problem.. It was well known 
from kinetic theory that in a mixture of two gases with dif- 
ferent molecular masses the lighter molecules have a higher 
average speed than the heavier molecules. The lighter mole- 
cules, therefore, collide more often with the walls of a 
container than do the heavier molecules. If the mixture is 
allowed to diffuse through a porous wall from one container 
into another, the heavier molecules are less likely to pass 
through than the lighter, faster ones. The gas that does not 
get through the wall will, therefore, have more of the heavier 
molecules than the gas that does pass through the wall. 

Aston allowed part of a sample of chemically pure neon 
gas to pass through such a wall. One pass accomplished only 
a slight separation of the lighter and heavier molecules, so 
a portion of the gas which had passed through the wall was 




Francis William Aston (1877-1945) 
studied chemistry at the Univer- 
sity of Birmingham. In 1910 he 
went to Cambridge to work under 
J. J. Thomson. He was awarded 
the Nobel Prize in chemistry, in 
1922, for his work with the mass 
spectrograph. In disagreement 
with Rutherford, Aston pictured 
a future in which the energy of 
the atom would be tapped by man. 
In his Nobel acceptance speech 
he also spoke of the dangers in- 
volved in such a possibility. 
Aston lived just long enough — by 
three months — to learn of the ex- 
plosion of the nuclear bombs. 
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22.5 

passed through the wail again, the process was repeated many 
times. He measured the atomic mass of each fraction of the 
gas and found values of 20.15 atomic mass units for the frac- 
tion that had passed through the wall many times and 20.28 
units for the fraction that had been left benmd many times. 
The difference m average atomic mass indicated that the neon 
was, indeed, a mixture of isotopes. > Even more impressive was 
the change m the relative intensities of the two traces (for 
the masses 20 and 22) m the mass spectrograph. The line 
corresponding to mass 22 was more prominent m the analysis 
of the fraction of the gas that had been left behind, show- 
ing that this fraction was "enriched" m atoms of mass 22. 
Although the separation of the two isotopes was not complete. 
It was clear that there are two isotopes of neon, one with 
atomic mass 20, the other with atomic mass 22. The optical 
emission spectrum of the enriched sample was the same as 
that of the original neon sample — proving that no substance 
other than neon was nresent. 



i 




Side view of one of Aston's 
earlier mass spectrographs. 



These results encouraged Aston to improve the design of 
the mass spectrograph and determine the atomic masses of jL6 -3 
many elements. He found that other elements also were made 
up of isotopes. The atomic masses of the isotopes of the 
naturally occurring elements have now been determined. 
Figure 22.3 shows the mass spectrograph record obtained for 
germanium, indicating that this element has five isotopes. 
Pictures of this kind are called "mass spectra." 



Ast^^ni^ mass sp^tre>^ra(M 



Although we cannot measure the 
mass of a neutral atom in a mass 
sp'^ctrograph (why not?), we 
usually list isotoplc masses for 
neutral atoms. 



I lilt 

Fig. 22.3 The mass spectrum of germanium, showing the isotopes 
of mass numbers 70, 72, 73, 74, 76.. 

Both the electromagnetic and gas-diffusion methods of 
separating isotopes have been modified for large-scale appli- 
cations. The electromagnetic method is used by the United 
States Atomic Energy Commission to provide samples of separa- 
ted isotopes for research. ^ The method used by Aston in 
achieving a small degree of separation of the neon isotopes 
has been developed on an enormous scale to separate the iso- 
topes of uranium m connection with the manufacture of nu- 
clear bombs and the production of nuclear power. 



J) 63 ; Astcn ayxaloc 



I f' What were 3 experimental results which supported the belief 
in two isotopes of neon? 

0/ lootopes are separated in a mass spectograph because more 
massive ions are deflected less. Why are isotopos separated in 
diffusing through a porous wall? 
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The Atomic Energy 
Commission's Gas- 
eous Diffusion 
Plant at Oak 
Ridge, Tennessee. 
The long buildings 
right of center 
made up the first 
plant. 
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/. ^at^mfo number Z and 
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Sf>et^u a particular cdbm'o 



A useful notation for nuclides and nuclear reactions . It 
will be useful to summarize some ideas and notations. Be- 
cause of the existence of isotopes it was no longer possible 
to designate an atomic species by means of the atomic number 
Z alone.: To distinguish among the isotopes of an element 
some new symbols were introduced. One is the mass number . A, 
defined as the whole number closest to the measured atomic 
mass (see Table 22.1). For example, the lighter and heavier 
isotopes of neon are characterized by the pairs of values; 
Z = 10, A = 20, and Z =10, A = 22, respectively. An element 
a,. . Which consists of a single atomic species can, of course, 

balance C^d iPie atintiC mmber^ determined by the properties of the atomic nucleus: ac^ 
hcdarKe. cording to the Rutherford-Bohr model of the atom, the atomic 

number Z is the magnitude of the positive charge of the nu- 
cleus in elementary charge units. The mass number A is very 
nearly equal to the atomic mass of the nucleus (expressed m 
atomic mass units) because the total electron mass is very 
small compared to the mass of the nucleus. The term nuclide 
IS used to denote an atomic species characterized by particu- 
lar values of Z and A. An isotope is then one of a group of 
two or more nuclides having the same atomic number 2 but dif- 
ferent mass numbers A. A radioactive atomic species is a 
radioactive nuclide, or radionuclide for short. A nuclide 
is usually denoted by the chemical symbol with a subscript at 
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the lower left giving the atomic number, and a superscript at 
the upper right giving the mass number. In the symbol 
for a nuclide, Z is the atomic number, X is the chemical sym- 
bol and A is the mass number. For example, t+Be^ is the nu- 
clide beryllium with atomic number 4 and mass number 9; the 
symbols loNe^^ and loNe^'' represent the neon isotopes dis- 
cussed above. The Z-value is the same for all the isotopes 
of a given element (X) , and so is often omitted — except when 
it is needed for balancing equations (as you will shortly 
see). Thus, we often write 0^^ for eO^^, or Ne^o for loNe^^ 
or U238 for 32^2^^. 

The introduction of the mass number and the symbol for a 
nuclide makes it possible to designate the radioactive nu- 
clides in an easy and consistent way, as was shown in Table 
21.1. Radioactive decay can be expressed by a simple equa- 
tion representing the changes that occur in the decay process. 
The first step in the uranium-radiu-n series, the decay of 
uranium 238 into thorium 234, may be written: 



9 2 



U2 3 8 



decays into 



9 0Th 



2 3h 



2He'^ 



The symbol stands for the helium nucleus (a particle) ; 

the other two symbols represent the initial and final atomic 
nuclei, each with the appropriate charge and mass number. 
The equation represents a nuclear reaction , and is analogous 
to an equation for a chemical reaction. The atomic numbers 
on the two sides of the equation must balance because the 
electric charge of the nucleus must be conserved: 92 = 
90 + 2.- Also, the mass numbers must balance because of con- 
servation of mass: 238 = 234 + 4 . We see from Table 21.1 
that goTh^^** (thorium 234) decays to gjPa^^'* (protactinium 
234) with the emission of a 6 particle. Since a B particle 
(electron) has charge -q and has an extremely small mass, 
the symbol -je^ is used for it. This 3 decay process may 
then be represented by the equation: 

2 3 1+ decays into 



^«36 YXjKiibactMtu serie? 

I 




9 0Th^ 



9lPa 



2 3^ 



Q8 Write the complete symbol for the nuclide with atomic mass 194 
and atomic number 78 • Of what element is it an isotope? 

Q9 Complete the following equation for a -decay: 



There is also an antxncutrino 
(v) given off together with the 
B particle. The neutrino and 
antineutrino are two particles 
which will be discussed briefly 
in Sec, 23.6. 
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2 He + 2-2^' 



Q10 Completo the following equation for B -decay: 
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Table 22.1 


Relative 


natural abundances and masses of some 


nucl ides 




The masses 


are given 


in atomic mass 


units (amu) 


based on ^C* 


- = 12.000 


DOO 


Element 


Chemical 
Symbol 


ALomic 
Number 
Z 


Mass 
Number 
A 


Relative 
Abundance 
% 


Mass of 
Neutral Atom 
( amu) 


Hydrogen 


ii 


1 


1 


99. 


98 


1 


.007825 






1 


2 


0. 


02 


2 


.014102 


Helium 


He 


2 


4 


100. 


00 


4 


.002604 


Lithium 


Li 


3 


6 


7 . 


42 


6 


.015126 






3 


7 


92 . 


58 


7 


.016005 


Beryl lium 


Be 


4 


9 


100. 


00 


9 


.012186 


Carbon 


C 


6 


12 


98. 


89 


12 


.000000 






6 


13 


1. 


11 


13 


.003354 


Nitrogen 


N 


7 


14 


99. 


63 


14 


.003074 






7 


15 


0. 


37 


15 


.000108 


Oxygen 


0 


8 


16 


99. 


76 


15 


.994915 






8 


17 


0. 


04 


16 


.999134 






8 


18 


0 . 


20 


17 


.999160 


Neon 


Ne 


10 


20 


90. 


92 


19 


.992440 






10 


21 


0. 


26 


20 


.993849 






10 


22 


8. 


82 


21 


.991385 


Aluminum 


Al 


13 


27 


100. 


00 


26 


.981535 


Chlorine 


CI 


17 


35 


75. 


53 


34 


.968855 






17 


37 


24 . 


47 


36 


.965896 


Platinum 


Pt 


78 


190 


0. 


01 


189 


.9600 






78 


192 


0. 


78 


191 


.9614 






78 


194 


32. 


90 


193 


. 9628 






78 


195 


33. 


80 


194 


.9648 






78 


196 


25. 


30 


195 


. 9650 






78 


198 


7 . 


21 


197 


. 9675 


Gold 


Au 


79 


197 


100. 


00 


196 


.9666 


Lead 


Pb 




204 


1. 


50 


203 


. 9731 






.;2 


206 


23. 


60 


205 


.1^745 






32 


207 


22. 


60 


206 


. 9759 






82 


208 


52. 


30 


207 


. 9766 


Thorium 


rh 


90 


232 


100. 


00 


232 


.0382 


Uranium 


u 


92 


234 


0. 


006 


234 


.0409 






92 


235 


0. 


720 


235 


.0439 






92 


238 


99. 


274 


238 


.0508 



Ti^ : Chart r^uciideg 




Chart, of the known nuclides. Each b^ack square rcpresenLs a stable nucUde, 
each open square represents an unstable nuclide. All isotupes of j given 
clement are found in a vertical column centered on the element's atuinic 
number Z. (As will be seen in the next chapter, the Z number is the number 
of protons in the nucleus, and A-2, the difference bet.vcen the atomic mass, 
and atomic number ,v is the numb'jr of neutrons.) 
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38 39 40 41 42 
Atomic mass 

Detection of the isotopes of 
potassium in a mass spectro- 
meter. In a mass spectrometer 
the current due to the ions is 
detected. Comparison of the 
current due to each isotope per- 
mits fairly precise estimates of 
the relative abundances of the 
isotopes . 



fSo ' Lcyt(^ tfrire inter {/ah 
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The stable isotopes of the elements and their relative abun- 
dances . Mass spectra, such as the one of germanium shown m 
Fig. 22.3 have been determined for all the elements with at 
least one stable nuclide. These are the elements with atomic 
numbers between 1 (hydrogen) and 83 (bismuth) . A few of the 
results are listed in Table 22.1. The table also includes 
the unstable (radioactive) elements uranium and thorium be- 
cause they have such long half-lives that they are still 
present in large quantities in some rocks. Uranium has three 
naturally occurring isotopes, one of which, 0^35^ ^as remark- 
able nuclear properties that have made it important in mili- 
tary and political affairs as well as m science and industry. 
As can be seen in Table 22.1, the relative abundance of 0^3 5 
is very low and it must first be separated from the far more 
abundant 0^38 j^efore it can be used in practical applications. 
Such applications and some of their social effects will be 
discussed in Chapter 24. 

Of the elements having atomic numbers between 1 and 83, 
only about one-fourth of them are single species, the others 
all have two or more isotopes. As a result, the 83 elements 
actually consist of 284 naturally occurring nuclides. All 
but 25 of these nuclides are stable. Many elements have only 
one stable nuclide, others have several and tin has the 
greatest number, ten. Carbon and nitrogen each have two and 
oxygen has three. (Table 22.1 shows that the isotope 0^^ 
has a very high relative abundance; the isotopes 0^^ and 0^® 
being relatively rare.) 

The 25 naturally occurring unstable nuclides show a very 
small degree of radioactivity; they are not associated with 
the decay chains of the heavy radionuclides and have activi- 
ties whicn are generally much feebler. The most common of 
these light nuclides is igH'^^, an isotope of potassium that 
h?.s a relative abundance of only 0.012%. This isotope, 
which emits 6 particles, has a long half-life (1.3 x lo^ 
years) which makes it extremely useful for determining the 
ages of certain rocks. Such information, coupled with in- 
formation on the decay of 0^38^ ^^^^ estimate the 
age of the earth. 

Hydrogen, the lightest element, has two stable isotopes, 
ot which the heavier one, with mass number 2, has a relative 
abunddnce of only 0.02%. The hydrogen isotopes are excep- 
tional in that the rare isotope has an atomic mass twice that 
of the common isotope. As a result, the differences between 
the properties of the two isotopes are more marked than m 
any other pair of isotopes. The hydrogen isotope of mass 2 
has therefore been given its own name, deuterium, with the 
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symbol D; sometimes it is called "heavy hydrogen." There is 
a kind of v;ater, called "heavy water" or "deuterium oxide/* 
With the formula (iH^)20 or D2O. !ieavy water differs from 
ord-i.nary water m some important respects: its density is 
1.11 gram per cm' as compared with 1.00 for ordinary water; 
It freezes at 3.82°C and boils at 101.42°C, the corresponding 
temperatures for ordinary water being 0°C and lOO^C, respec- 
tively. Uaturally occurring water contains only about 1 atom 
of per 7000 atoms of H^, but methods lave been developed 
for producing nearly pure D^O m large amounts. Heavy water 
is important m some types of devices for the controlled re- 
lease of nuclear energy, as will be explained m Chapter 24. 

Some interesting and important regularities have been 
found among the natural abundances. The number of nuclides 
with the various combinations of even and odd values of Z 
and A are listed m Table 22.2. it is evident that nuclides 

Tabic 22.2 Some Interesting Data Concerning Nuclides 



Number of 



Number of Nuclides 



Avq. Number 





Stable 
Elements 


with 
Odd A 


with 
Hven A 


Total 


of Isotopes 
Per Element 


Odd Z 


40 


53 


8 


61 


1.5 


Even Z 


43 


57 


166 


223 


5.2 


Total 


83 


110 


174 


284 


3.4 




H. C. Urey received the 1934 
Nobel Prize in chemistry for his 
discovery of "heavy" hydrogen. 



with even Z and even A are much more numerous than those 
with any other combination. Elements with even Z have, on 
the average, more isotopes per element than those with odd Z. 
Any theory of the nucleus will have to account for these reg- 
ularities, which are related to the stability of atomic nu- 
clei. Information of this kind is analogous to observations 
of the positions of planets, to data on chemical compounds 
and to atonic spectra. All of these provide material for 
the building of theories and models. 

What LS deuleriiim? 

Neon actually lias three isoLop.b (see Table 22.1), 
Why did Thomson and Aston find evidence for only two 
i.sotopes? 

22,8 Atomic masses . The masses of most of the stable nuclides 

have been determined and the results are of fundamental im- 
portance m quantitative work m nuclear physics and its ap- 
plications. The standard of mass adopted by physicists for 
expressing the atomic mass of any nuclide was slightly dif- 
ferent from that used by chemists for the chemical atomic 




This is a photograph of the 
oscilloscope display of a high- 
resolution mass spectrometer. 
The high peak, on the lef» , in- 
dicates the He isotope of mass 
3.016030 amu. The other peak 
indicates H , the extra heavy 
hydrogen isotope, otherwise 
known as tritium, whose ma.sb is 
3.016049 amu. The mass differ- 
ence is therefore about one part 
in 150.000. 
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weights. The chemists' scale was defined by assigrw.ig the 
value 16.0000 atomic mass units to ordinary oxygen. But, as 
can be seen in Table 22.1, oxygen is a mixture of three iso- 
topes, two of which, 0^^ and 0^^, have very snail abundances. 
For isotopic mass measurements, the value 16.0000 was assigned 
to the most abundant isotope, 0^^, and this mass was used as 
the standard by physicists. For some years, up to 1960, the 
atomic mass unit, 1 amu, was defined as 1/16 of the mass of a 
neutral 0^^ atom. Since 1960, gO^f- has been replaced by ^C^^ 
as the standard, and the atomic mass unit is now defined by 
both physicist:; and chemists as 1/12 of the mass of a neuTiral 
C^^ atom. The main reason for the choice of carbon is that 
mass-spectrograph; c measurements of atomic masses are much 
more accurate than the older chemical methods. Carbon forms 
an exceptional variety of compounds, from light to very heavy, 
which can be used as comparison standards in the mass spectro- 
graph 

The results obtained for the atomic masses of some ele- 
ments of special interest are listed in Table 22.1. Atomic 
masses can be determined with great accuracy and, when ex- 
pressed in atomic ^nass units, all turn out to be very close 
to integers. The mass differs from an integer by less than 
0.06 amu for each nuclide. This result is known as Aston 's 
wh ole-number rule and provides the justification for using 
the mass number in the symbo] for a .luclide or atom. The 

physical basis for this rule is connected with the structure 
of the nucleus and will be discussed in the next chapter.. 



Q13 What nuclide is the current standard for atomic mass? 
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List of the Elements 



Element 


Symbol 


Atomic 


Actinium 


Ac 


89 


Aluminum 


Al 


13 


Amerlclum 


Am 


95 


Ant Imony 


Sb 


5 1 


Argon 


Ar 


18 


Arsenic 


As 


33 


Ast at Ine 


At 


85 


Barium 


Ba 


56 


Berkellum 


Bk 


97 


Eery 1 Hum 


Be 


4 


Bismuth 


Bl 


83 


Boron 


R 


5 


Bromine 


Br 


35 


Cadmium 


Cd 


48 


Calcium 


Ca 


20 


Californium 


Cf 


98 


Carbon 


C 


6 


Cerium 


Ce 


58 


Cesium 


Cs 


55 


Chlorine 


CI 


17 


Chromium 


Cr 


24 


Cobalt 


Co 


27 


Copper 


Cu 


29 


Curium 


Cm 


96 


Dysprosium 


Dy 


66 


Einsteinium 


Es 


99 


Erbium 


Er 


68 


Europium 


Eu 


63 


Fermlum 


Fm 


100 


Fluorine 


F 


9 


Franc lum 


Fr 


87 


Gadolinium 


Gd 


64 


Gallium 


Ga 


31 


Germanium 


Ge 


32 


Gold 


Au 


79 


Hafnium 


Hf 


72 


Hellun 


He 


2 


Ho 1ml urn 


Ho 


67 


Hydrogen 


H 


1 


Indium 


In 


49 


Iod\ne 


I 


53 


Iridium 


Ir 


77 


Iron 


Fe 


26 


Krypton 


Kr 


36 


L;mthanum 


La 


57 


lawrenclum 


Lw 


103 


7^ad 


Pb 


82 


Lithium 


LI 


3 


Lutet lum 


Lu 


71 


Magnesium 


Mg 


12 


Mende levlum 


Md 


101 


Mercury 


Hg 


80 


Mo lybdenum 


Mo 


42 


Neodymlum 


Nd 


60 


Neon 


Ne 


10 


Neptunium 


Np 


93 


Nlcke 1 


Nl 


28 


''^ioblum 


Nb 


41 


Nitrogen 


N 


7 


Nobe Hum 


No 


102 


Osmium 


Os 


76 


Oxygen 


0 


8 


Palladium 


Pd 


46 


Phosphorus 


P 


15 


Plat Inum 


Pt 


78 


Plutonium 


Pu 


94 



Year of Isolation or Discovery and Origin of Name* 

1900 Greek aktls . ray 

1825 Latin a lumen , substance with astringent taste 
1944 America 

15th century, Greek ant Imonos . opposite to solitude 

1894 Gi'eek argos . Inactive 

13th century, Greek arsenlkon , valiant 

1940 Greek astajtos, unstable 

1808 Greek barys , heavy 

1949 Berkeley, California 
1797 mineral, beryl 

15th century, Gerraan wels<;e masse , white mass 

1808 Arabic bawraq . whit 

1826 Greek bromos, a st<jni.n 

1817 Latin cadmia, calamine, a zinc ore 

1808 Latin calcls . xime 

1950 State & University of California 
prehlstor -.c, Latin carbo . coal 

1804 I tie asteroid Ceres discovered 1803 

1860 Latin caeslus . sky blue 

1808 Greek chloros . grass f;reen 

1797 Greek chroma, colo*. 

1735 Greek kobolos . a goblin 

prehistoric, Latin cuprum , copper 

1944 Marie and Pierre Curie 

1886 Greek aysprositos . hard to get at 

1952 Albert Einstein 

1843 Ytterby, a town in Sweden 

1900 Europe 

1953 Enrico Fermi 

1886 Latin fluere, to flow 

1939 France 

1886 Johan Gadolin, Finnish chemist 

1875 Gaul, or France 

1886 Germany 

prehistoric, Anglo-Saxon gold, symbol from Latin aurum 

1922 Haf nia , Latin for Copenhagen 

1895 Greek helios . the sun 

1879 Holmia, Latin for Stockholm 

1766 Greek hydro genes , water former 

1863 indigo-blue spectrum line 

1811 Greek lode s, violet-like 

1804 Latin iridis . rainbow 

prehistoric, Anglo-Saxon Iren or isen, symbol from Latin ferrum 

1898 Greek kryptos . hidden 

1839 Greek lanthanien , to be concealed 

1961 E'-nest 0. Lawrence, inventor of cyclotron 

Prehistoric, middle English led , symbol from Latin plumbum 

1817 Greek lithos . stone 

1905 Lutetia . ancient name of Paris 

1774 Latin magnes . magnet 

1955 Dmitri Mendeleev, who devised first Periodic Table 

prehistoric, Latin Mercurius , the god and planet 

1782 Greek mo lybdos lead 

1885 Greek neos, new, and didymos, twin 

1898 Greek neos . new 

1940 planet Neptune 

1750 German Nickel , a goblin or devil 

1801 Niobe, daughter of Tantalus 

1772 Latin nitro . native soda, and gen , born 

1957 Alfred Nobel 

1804 Greek osme . a smell, from the odor of its volatile 
tetroxide 

1774 Greek oxys . sharp, and gen, born 

1803 planetoid Pallas, discovered 1801 

1669 Greek phosphoros . light bringer 

1735 Spanish plata . silver 

1940 Pluto, the second tians-Uranus planet 



*adapted from Alfred Romer, The Restless Atom. Science Studv Series, Doubleday Co., N.Y. 



Polonium 


Po 


84 


1898 


Poland, country of discoverer 




Potassium 


K 


19 


1807 


English potash, symbol Latin kalium 


Praseodymium 


Pr 


59 


1885 


Greek praseos, leek green, and didymos, a twin 


Proraethium 


Pm 


61 


1947 


Prometheus, fire bringer of Greek mythology 


Protactinium 


Pa 


91 


1917 


Greek protos first, and actinium 
disintegrates into it 


because it 


Radium 


Ra 


8S 


1898 


Latin radius, ray 




Radon 


Rn 


86 


1900 


because it comes from radium 




Rhenium 


Re 


75 


1924 


Latin Rhenus, Rhine province of Germany 


Rhodium 


Rh 


45 


1804 


Greek rhodon, a rose 




Rubidium 


Rb 


37 


1860 


Latin rubidus, red 




Ruthenium 


Ru 


44 


1845 


Latin \uthenia, Russia 




Samarium 


Sm 


62 


1879 


Samarski, a Russian engineer 




Scandium 


Sc 


21 


1879 


Scandinavian peninsula 




Se lenium 


Se 


34 


1817 


Greek selene, moon 




Silicon 


Si 


14 


1823 


Latin silex, flint 




Silver 


Ag 


47 


prehistoric, Anglo-Saxon seolf or, symbol 


from Latin argentum 


Sodium 


Na 


11 


1807 


Medieval Latin soda, symbol from 


Latin natrium 


Strontium 


Sr 


38 


1808 


town of Strontian, Scotland 




Sulfur 


S 


16 


prehistoric, Latin sulphur 




Tantalum 


Ta 


73 


1802 


Tantalus of Greek mythology 




Technetium 


Tc 


43 


1937 


Greek technetos, artificial 




Tellurium 


Te 


52 


1782 


Latiu tellus, the earth 




Terbium 


Tb 


65 


1843 


Ytterby, town in Sweden 




Thallium 


Tl 


81 


1862 


Greek thallos, a young shoot 




Thorium 


Th 


90 


1819 


Scandinavian raytholoKY, Thor 




Thulium 


Tm 


69 


1879 


Latin Thule, most northerly part 
world 


of the habitable 


Tin 


Sn 


50 


prehistoric, origin of name unknown, symbol Latin stannum 


Titanium 


Tl 


22 


1791 


Greek mythology. Titans, first sons of the earth 


Tungsten 


W 


74 


1783 


Swedish tun^ sten, heavy stone, 
mineral wolframite 


symbol from the 


Uranium 


U 


92 


1789 


Planet Uranus 




Vanadium 


V 


23 


1830 


goddess Vanadis of Scandinavian 


Tiythology 


Xenon 


Xe 


54 


1898 


Greek xenos, stranee 




Ytterb lum 


Yb 


70 


1905 


Ytterby a town in Sweden 




Yttrium 


Y 


39 


1843 


Ytterby a town in Sweden 




Zinc 


Zn 


30 


prehistoric, German Zink, akin to Zinn, 


tin 


Zirconium 


Zr 


40 


1824 


Arabian Zerk, a precious stone 





Periodic Table of the Elements 



Group-* 
Penod 
i 

1 


. 


11 




III 


IV 


V 


VI 


VII 


0 


lOOSO 
H 
1 


































4 0026 
He 

2 


2 


6 939 
Li 

3 


9012 
Be 
4 






















10811 
B 
5 


12011 
C 
6 


14 007 
N 
7 


15999 
0 
8 


18 998 
F 
9 


20183 
Ne 
10 


3 


22 090 
II 


2431 
Mg 
12 






















26 98 
Al 
13 


28 09 
Si 
14 


30 97 
P 
15 


32 06 
S 
16 


35 45 
CI 
17 


39 95 
Ar 
18 


4 


39 10 
K 
19 


40 08 

20 


44% 

Sc 
21 


47 90 

Tl 
22 


50 94 
V 
23 


52 00 
Cr 
24 


Md 
26 


SS85 
Fc 
26 


58 93 
Co 
27 


58 71 
Ni 
28 


63 54 

Cu 
29 


65 37 
Zn 
30 


69 72 
G& 
31 


72 59 
Ge 
32 


74 92 
A« 

33 


78 96 
Se 
34 


79 91 
Br 
35 


83 80 
Kr 
36 


5 


85 47 
Rb 
37 


87 62 
Sr 
38 


8891 
Y 
39 


9i 22 
Zr 
40 


92 91 
N'b 
41 


95 M 
Mo 
42 


(99) 
Tc 
43 


lOI 07 
Ru 
44 


I029I 
Rh 
45 


lOC 4 

Pr: 
ib 


107 87 
47 


11240 
Cd 
48 


114 82 
In 
49 


118 69 

Sn 
50 


121 75 
Sb 
51 


127 60 
Te 
52 


126 9 
I 

53 


131 30 
Xe 
54 


6 


I329I 
C» 
SS 


137 34 

56 


• 

57-71 


178 49 
Kf 

/2 


180 95 

73 


183 85 
W 
74 


186 2 
Re 
75 


1902 
Oi 

76 


192 2 
Ir 

77 


19509 
Pt 
78 


196 97 
Au 
79 


200 59 
80 


204 37 
Tl 
81 


207 19 
Pb 
82 


208 98 
Bi 
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22.1 Soddy's proposal of Isotopes meant that not all atoms of 
the same element are identical. Explain why this propo<?aT does 

22.2 After Soddy's proposal of isotopes, how could one go about 
determining whether an apparently new element was really new and 
should be given a separate place in the periodicp^t^^le. or/^as 
simply an isotope of an already known el^fej,^^;^^ tnfun.^.^, 

22.3 At the National Bureau of Standards, in 1932, a gallon of 
liquid hydrogen was slowly evaporated until only about 1 gram re- 
mained. This residue allowed the first experimental check on the 
existence of the "heavy" hydrogen isotope H*-. 

a) With the help of the kinetic theory of matter, 
explain why the evaporation should leave a residue 
with an increased concentration of the Isotooe of 

greater atomic mass. Uc^hi^r^ pcxrfTc/er wotll^ dtf^usQ^ Qwaij fwm the 

b) Why should the evaporation method be especially ^"'^^ ntara 

Hence iPie .^IS of s^s ( ' tTTuU ^^^^l^%,d 

A mass spectrograph similar to that shown in the mar- " 
gin causes singly charged ions of chlorine 37 to travel a 
semi-circular path 1.000 meter in diameter and then strike 
a photographic plate. 

a) How far apart will the traces^ of Cl^ ^ and Cl^ ^ be 
on the photographic plate? ^^4' »^ 

b) What would be the diameter of the orbit of lead 208 
ions if the same electric and magnetic field inten- 
sities were used to analyze a sample of lead? ^ 64- ti 

c) The problems of maintaining a uniform magnetic field 
over surfaces larger than 1 square meter are con- 
siderable. What separation between lead 207 and lead 
208 would be achieved if the diameter of the orbit of 
lead 208 were held to 1.000 meter? 0-OOSnx 

22.5 Supply the missing data in these transformation equations: 

a) ^Pb2 1W^Bi2l2 aaPt^'A -^^^g^a,a^^^^o 

b) ^Bi212^?+ ^^eO; 33B,^.^ ^ ^^fb^'^^^^^c 

c) ? _^^pb2 0 8+ 2He\ s^Po^'^^^^Pt>^<>^ ^^^^4^ 

22.6 The radioactive series originally called the actinium series 
is now known to start with the uranium isotope 92U235. This 
parent member undergoes transmutations by emitting in succession 
the following particles: 6» a» 6» o,y a, a, a, 6» a» 6- This 
last disintegration yields which is stable. From this 
information, and by consulting the periodic table, determine the 
complete symbol for each member of the series. List the members 
of the series in a column and beside each member give its mode of 
decay (similar to what was done in Table 21.1). c^hart iPie end 

product h&t^^ Pb . 

22.7 In the following diagram of the thorium series, which be- 
gins with 9QTh2 3 2^ the symbols used are those that were originally 
assigned to the members of the sequence: 



h2 322l^^„3Th^ Z^^^j^Th^ Z^^RaTh"^ 2^ ^ Thx' il^ 
n- Q^ThA- ThB- The- Z^ « „ ThC ' ' 2^ 



ThD^°S (stable) 



Supply the missing data, then by consulting the periodic table 
replace the old symbols with the present ones. Indicate where 
alternative possibilities exist in the series.. . 

The ^tt.nutlvc, ar€ ,n yr,cde of decau W ''"'^'^y ^'^"^ W ^' 
g^Po''* and „e, T 



2m 



22.8 From g^Pu" an Isotope of plutonium produced artificially 
by bombarding uranium in a nuclear reactor, a radioactive series 
has been traced for which the first seven members are ^^?u' 



.241 




95Am2M, ggNp ^9lPa2 3 3, 9 2 U ^ ' ' , n^h ^ 2 9 and ftpRa2 2 5; Outline 



the disintegration series for these tlrst seven members showing 
the modes of decay as in the preceding question, aia/Ycurri 

'^e.^rnbaas of deccuj tire g ,o( , erf , 

22.9 A trace of radioactivity in natural carbon makes it possible 
to estimate the age of materials which were once living. The radio- 
activity of the carbon is due to the presence of a small amount of 
the unstable Isotope, carbon 14, This Isotope is created mainly 

in the upper atmosphere by transformation (induced by cosmic rays) 
of the stable Isotope carbon 13 to carbon 14. The rate of pro- 
duction of carbon 14 from carbon 13 matches the rate of beta-decay 
of carbon 14 Into nitrogen 14, so the percentage of total carbon 
in the atmosphere consisting of carbon 14 is relatively constant. 
When carbon dioxide is used by plants in photosynthesis, the re- 
sulting cell growth incorporates the Isotopes of carbon in the same 
proportions as exist in the atmosphere. The activity of the carbon 
at that time is 15,3 beta emissions per minute per gram of carbon. 
When the interaction with the atmosphere stops, for example, when 
a branch is broken off a living tree for use as a tool, its radio- 
activity begins to decrease at a rate characteristic of carbon 14, 
If the activity is measured at some later time, and if the half- 
life of carbon 14 is known, then one can use the decay curve given 
on page 24 to determine the time elapsed olnce the branch was 
taken from the tree. For example, suppose the activity dropped 
from 15,3 to 9,2 beta emissions per minute per gram of carbon. 
Knowing that the half -life of carbon is 5 760 years, determine the 
time elapsed, ^000 tjearf. 

Repeat the procedure to calculate the age of charcoal from 
an ancient Indian fire pit if the activity of the carbon in the 
charcoal is found to be 1,0 beta emissions per minute per gram of 
carbon. What assumption are you making in this part of the problem? ^5-^^ tjears 

22.10 a) ?lnd the average atomic mass of carbon by calculating 

the "weighted average" of the atomic masses of the two 
carbon isotopes* (Use the data of Table 22,1,) 

b) Find the average atomic mass of lithium, 

c) Find the average atomic mass of lead. 



fSi Oil Amu 
^4-' cxrrtu 

22.11 The mass of a neutral helium is 4,00260 amu, and that 



of an electron is 0.00055 amu, 
the a particle in amu» 



From these data find the mass of 
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Ernest 0. Lawrence (left) and 
M.S. Livingston (right) are shown 
.standing beside the magnet for 
one of the earliest cyclotrons. 
Lawrence and Llv^lngston Invented 
the cyclotron In 1931, thereby 
initiating the development of 
high-energy physics in the 
United States, 
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^'^ The prob lem of the composition and structure of the atomic 

nucleus . The discoveries of radioactivity and isotopes raised 
new questions about the structure of atoms — questions which 
involved the atomic nucleus. We saw m Sec. 22.2 that the 
transformation rules of radioactivity could be described in 
terms of the Rutherford-Bohr model of the atom. But that 
model said nothing about the nucleus other than that it has a 
charge and mass, and that, when radioactive, it emits an a 
or a 6 particle. This implies that the nucleus has a compo- 
sition or structure which changes when a radioactive process 
occurs. The question arose: how can we develop a theory or 
model of the atomic nucleus that will explain the facts of 
radioactivity and the existence of isotopes? 

The answer to this question makes up much of what is called 
nuclear physics. The problem of nuclear structure can be 
broken into two questions: (1) what are the building blocks 
of which the nucleus is made, and (2) how are the nuclear 
building blocks put together? Answers to the first question 
are considered in this chapter, in the next chapter we shall 
take up the question of how the nucleus is bound together. 
The attempt to solve the problem of nuclear structure, al- 
though not yet completely successful, has led not only to 
many new discoveries and to large-scale practical applications, 
but also to important social and political problems. Indeed, 
it has had consequences that have stretched far beyond physics 
and have had a serious impact on society m general. Some of 
these consequences will be discussed in Chapter 24. 

•2 The proton-electron hypothesis of nuclear structure . The 
emission of a and 6 particles by atoms of radioactive nu- 
clides suggested that a model of the nucleus might be con- 
strucced by starting with these particles as building blocks. 
Such a model might be expected to be useful for the radio- 
active elements, because it would make it easy to see, for 
example, how a number of a particles could be emitted, in 
succession, in a radioactive series. But not all nuclei 
have masses that are multiples of the a-particle mass. More- 
over, the nucleus of an atom of the lightest element, hydro- 
gen, with an atomic mass of one unit (two units in the case of 
the heavy isotope) , is too light to contain an a particle. 
So is the light isotope of helium, 2^®^* 

A positively charged particle with a mass of one unit 
would be more satisfactory as a nuclear building block. Such 
a particle does indeed exist: the nucleus of the common iso- 
tope of hydrogen. This particle has been named the proton . 
According to the Rutherford -Bohr theory of atomic structure. 
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Ihe discoveries op radiocictivttU 
oond ^dtojpes made dear Ifie 
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"Bohr mode.\ of dtbmxc structure^ 
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Proton — from the Greek "protos" 
(first).- It is not known who 
suggested the name originally — 
it is found in the literature 
as far back as 1908. In 1920 
Rutherford's formal proposal of 
the name proton was accepted by 
the British Association for the 
Advancement of Science. 
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the hydrogen atom consists of a proton with a single electron 
revolving around it. 

In the preceding chapter (Sec. 22.4), we discussed Aston's 
whole-num ber rule , expressing the experimental result that the 
atomic masses of the nuclides are very close to integers. 
This rule, together with the properties of the proton — its 

mass of very nearly one unit and its single positive charge 

made it appear possible that all atomic nuclei are made up ot 
protons. Could a nucleus of mass number A consist of A pro- 
tons? If this were the case, the charge of the nucleus would 
be A units; but, except for hydrogen, the nuclear charge Z is 
always less than A — usually less than JjA. To get around 
this difficulty, it was assumed that in addition to the pro- 
tons, atomic nuclei contain just enough electrons to cancel 
the charge of the extra protons, that is, A-Z electrons. 
These electrons would contribute only a small amount to the 
mass of the nucleus, but would make the net charge equal to +Z 
units as required. It was thus possible to consider the atom 
as consisting of a nucleus of A protons and A-Z electrons, 
with Z additional electrons outside the nucleus to make the 
entire atom electrically neutral. For example, an atom of 
eO^^ would have a nucleus with 16 protons and 8 electrons, 
with 8 additional electrons outside the nucleus. This model 
of the nucleus is known as the proton-electron hypothesis of 
nuclear composition . 

The proton-electron hypothesis seemed to be consistent 
with the emission of a and 6 particles by atoms of radioactive 
substances. Since it was assumed that the nucleus contained 
electrons, explanation of beta decay was no problem: when the 
nucleus is in an appropriate state it may simply eject one of 
its electrons. It also seemed reasonable that an a particle 
could be formed, in the nucleus, by the combination of four 
protons and two electrons; an a particle might exist as such, 
or it might be formed at the instant of emission. 

The proton-electron hypothesis is similar to an earlier 
idea suggested by English physician William Prout in 1815. 
On the basis of the small number of atomic masses then known, 
he proposed that all atomic masses are whole numbers, that 
they might be integral multiples of the atomic mass of hydro- 
gen and that all the elements might be built up of hydrogen. 
Prout's hypothesis was discarded when, later in the nineteenth 
century, the atomic masses of some elements were found to be 
fractional, in particular, those of chlorine (35.46 units) 
and copper (63.54 units). With the discovery of isotopes, it 
was found that the fractional atomic masses of chlorine and 
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copper, like that of neon, are those of mixtures of isotopes, 
but each separate isotope has an atomic mass very close to an 
integer. 

Although the proton-electron hypothesis was satisfactory 
in some respects — as in accounting for nearly integral (whole 
number) isotopic masses and in being consistent with the 
emission of a and 6 particles by radioactive nuclides — it 
led to serious difficulties and had to be given up. The 
existence of electrons inside the nucleus had to be ruled out 
for a number of reasons too complicated to discuss at this 
point. 



Why was the idea of hydrogen atoms being a basic building 
block of all atoms given up in the nineteenth century? 

Q2 On the basis of the proton-electron hypothesis, what would 
a nucleus of eC contain? 

^^•^ The discovery of artificial transmutation . A path which led 
to a better understanding of nuclear composition was opened 
in 1919. In that year Rutherford found that when nitrogen 
gas was bombarded with ot particles from bismuth 214, swift 
particles were produced which could travel farther in the gas 
than did the ot particles themselves. When these particles 
struck a scintillation screen, they produced flashes of light 
of the same intensity as would be produced by positive hydro- 
gen ions (protons). Measurements of the effect of a magnetic 
field on the paths of the particles suggested that they were 
indeed protons. Rutherford ruled out, by means of careful 
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Rutherford's diagram of the 
apparatus used to detect the 



experiments, the possibility that the protons came from hydro- Photons from disintegrations 

^ ... produced by a particles. The 

gen present as an impurity m the nitrogen. Since the nitro- « source was on a movable 

gen atoms in the gas were the only possible source of protons, stand. Nitrogen nuclei in the 
D„.. ^ J J ^ . , nitrogen gas which filled the 

Rutherford concluded that an a particle, m colliding with a box are transmuted by the a»s. 

At the end of the box was a 
piece of silver foil thick 
enough to stop a's, but not 
protons. Behind the foil was 
a lead sulfide screen which 
would show flashes of light 
when struck by protons, 
(The photo on p, 73 of the 
Unit 5 Text shows Rutherford 
holding this apparatus.) 



nitrogen nucleus, can occasionally knock a small particle — 
a proton — out of the nitrogen nucleus. In other words, 
Rutherford deduced that an ot particle can cause the artifi- 
cial disintegration of a nitrogen nucleus, with one of the 
products of the disintegration being a proton. The experi- 
mental results showed that only one proton was produced for 
about one million ot particles passing through the gas. 
Between 1921 and 1924, Rutherford and Chadwick extended the 
work on nitrogen to other elements and found evidence for 
the artificial disintegration of all the light elements from 
boron to potassium, with the exception of carbon and oxygen. 

The next step was to determine the nature of the nuclear 
process leading to the emission of the proton. Two hypothe- 
ses were suggested for this process: (a) the nucleus of the 
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Fig. 23.1 The Wilson cloud 
chamber.. When the piston is 
moved down rapidly the gas in the 
cylinder becomes supersaturated 
with water vapor. The water 
vapor will condense on the ions 
created along the path of a 
high-energy charged particle, 
thereby making the track. 

For his invention of the cloud 
chamber Charles Thomson Rees 
Wilson (1869-1959) of Scotland 
shared the 1927 Nobel Prize in 
physics with Arthur H. Compton. 



23.3 

bombarded atom promptly loses a proton "chipped off" as the 
result of a collision with a swift a particle;, or (b) the a 
particle is captured by the nucleus of the atom it hits form- 
ing a new nucleus which, a moment later, emits a proton. It 
was possible to distinguish experimentally between these two 
possible cases by using a device, called a "cloud chamber," 
which reveals the path or track of an individual charged 
particle. The cloud chamber was invented in 1912 by C. T. R. 
Wilson; a schematic diagram of the instrument is shown in Fig., 
23.1. In case (a) four tracks should be seen m a photograph 
of a disintegration event: the track of the a particle before 
the collision, the track of the a particle after collision 
and the tracks of the proton and recoiling nucleus after colli- 
sion. In case (b) the a particle should disappear m the 
collision, and only three tracks would be seen: that of the 
a particle before the collision and the tracks of the proton 
and recoil nucleus after the collision. The choice between 
the two possibilities was settled in 1925 when P. M. S. 
Blackett studied the tracks produced when a particles passed 
through nitrogen gas in a cloud chamber. He found, as shown 
m Fig. 23.2, that the only tracks which could be seen were 
those of the incident a particle, a proton and the recoil 
nucleus. The absence of a track corresponding to the presence 
of an a particle after the collision proved that the a parti- 
cle disappeared completely and that case (b) is the correct 
interpretation . 




Fig. 23.2 a-particle tracks in 
a cloud chamber filled with ni- 
trogen gas. At the right, one 
a particle has hit a nitrogen 
nucleus; a proton is ejected up- 
ward toward the left, and the 
resulting oxygen nucleus recoils 
downward to the right. (From 
P. M. S. Blackett, 1925) 
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The process in which an a particle is absorbed by a nitro- 
gen nucleus and a proton is emitted may be represented by an 
equation which is analogous to the equations used near the 
end of Sec. 22.6 to represent radioactive decay. The equa- 
tion expresses the fact that the total mass number is the 
same before and after the collision (conservation of mass 
number) and the fact that the total charge is the same before 
and after the collision (conservation of charge) . The atomic 
number, the mass number and the nuclear charge are known for 
the target nucleus yN^'S the incident a particle 2He'* and the 
proton iH^. The product nucleus will therefore have the atomic 
number 7+2-1=8, and the mass number 14 + 4 - 1 = 17. 
The product nucleus is eO^^, an isotope of oxygen, and the 
disintegration process may be represented by the nuclear 
reaction ; 



See "The Tracks of Nuclear 
Particles** in Project Physics 
Reader 6. 



This reaction shows that a transmutation of an atom of one 
chemical element into an atom of another chemical element has 
taken place. This transmutation did not occur spontaneously, 
as is the case m natural radioactivity, but was man-made; it 
was produced by bombarding target atoms (nuclei) with pro- 
jectiles from a radioactive nuclide. In the paper in which 
he reoorted this first artificially produced nuclear reac- 
tion, Rutherford said. 

The results as a whole suggest that, if a particles — or 
similar projectiles — of still greater energy were avail- 
able for experiment, we might expect to break down the 
nuclear structure of many of the lighter atoms.; 

The further study of reactions involving light nuclei lea 
(as we shall see in the next section) to the discovery of a 
new particle — J:he neutron — and to a better theory of the 
constitution of the nucleus.. Many types of reactions have 
been observed with nuclei of all masses, from the lightest to 
the heaviest, and the possibilities indicated by Rutherford 
have been realized to an extent far beyond what he could have 
imagined in 1919 . 
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What evidence showed that the bombarding a particle was 
absorbed by the nitrogen nucleus, rather than bounced off? 



/. Conv\nc[ha evictee -(hr the 
e^^'isi^ce neutrons v^as 
^lAnd in \q3S^ in IPie {brnt of 
uncharr^d rcujS. 



23-^ The discovery of the neutron . It was suggested by Rutherford 

in 1920 that an electron and a proton inside the nucleus might ^ ^^^^ COnSermtiOn Of 

tie. .o ea* o..e, »o c:„=e:. a, to ,o™ a „..t,al ......^^."^^Z^To^ZtSZ^ideU 

Rutherford even suggested the name "neutron" for this particle . /fi^ moSS of 1tie neutron h>rn 
Physicists looked for neutrons, but the search presented at dob. On neutron CcUlsionS With 
least two difficulties: (1) there were no naturally occurrinc dif^er&rt nuclei, 
sources of neutrons; and (2) the methods used for detecting 57 
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James Chadvick (born 1891) 
received the Nobel Prize 
in Physics in 1935 for his 
discovery ci the neutron. 



atomic particles all depended on effects of tiie electric 
charge of the particles and could not be applied directly to 
neutral particles. Until 1932 , the search for neutj:ons was 
unsuccessful . 

The proof of the existence of neutrons by the English phy- 
sicist, James Chadwick, came in 1932 as the result of a series 
of experiments on nuclear reactions made by physicists in 
different countries. The discovery of the neutron is a good 
example of how physicists operate — how they think about 
problems and arrive at solutions; it is an excellent "case 
history" in experimental science. Working in Germany m 1930, 
W, G. Bothe and H. Becker found that when samples of boron 
and btryllium were bombarded with a particles, they emitted 
radiations which appeared to be of the y-ray type, that is, 
which had no electric charge. Berylliom gave a particularly 
marked effect of this kind. Observations by physicists in 
Germany, Prance and Great Britain showed that the radiation 
from thfe beryllium penetrated further (in lead, for example) 
than any y radiation found up to that time and had an energy 
of about 10 MeV. The radiation w?s thus much more energetic 
than the y rays previously observed, and, as a result, aroused 
much interest. Among those who investigated this radiation 
were the French physicists Frederic Joliot and his wife Irene 
Curie, a daughter of the discoverers of radium; they studied 
the absorption of the radiation in paraffin, a material rich 
in hydrogen. They found m the course of their experiments 
that the radiation from beryllium, when it fell on paraffin, 
ejected large numbers of protons from the paraffin. "i-He ener- 
gies of these protons were found to be about 5 MeV. ';sing 
the principles of conservation of momentum and energy, they 
calculated the energy a y ray would need if it were to trans- 
fer 5 MeV to a proton in a collision. The result was about 
50 MeV, a value much greater than the 10 MeV that had been 
measured, in addition, the number of protons produced was 
found to be much greater than that predicted on the assump- 
tion that the radiation consisted of y rays, that is, photons 
or quanta of radiation. 

These discrepancies (between the results of two sets of 
experiments and between theory and experiment) left physi- 
cists in a dilemma. Either they could give up the application 
of conservation of momentum and energy to the collisions be- 
tween the radiation and the protons in the paraffin, or they 
could adopt another hypothesis about the nature of the radia- 
tion. Now, if there is any one thing physicists do not want 
to do it is to give up the principles of conservation of 
momentum and energy. These prin::iples are so basic to scien- 
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tific thought and have proven so useful that physicists tried 
very hard to fand an alternative to giving them up. 

In 1932, Chadwick found a successful alternative, a nev 
hypothesis about the nature of the radiation. In his paper 
"The Existence of a Neutron," ho said: 

If we suppose that the radiation is not a quantum 
radiation, but consists of particles of mass very 
nearly equal to that of the proton, all the difficul- 
ties connected with the collisions disappear, both 
with regard to their frequency and to the energy 
transfers to different masses. In order to explain 
the great penetrating power of the radiation, we 
must further assume that the particle has no net 
charge. We must suppose it to consist of a proton 
and electron in close combination, the 'neutron' 
discussed by Rutherford in his Bakerian Lecture of 
1920. 

According to Chadwick 's hypothesis, when a light element 
(such as beryllium) is bombarded with a particles, a second 
kind of nuclear reaction can take place (m addition to the 
one that produces protons) : 



?He' 



uBe^ 



0"' 



The symbol qU^ represents the neutron postulated by Chadwick, 
with zero charge and mass number equal to 1. 

The neutrons postulated by Chadwick had no charge, and 
could even penetrate bricks of a material as dense as lead 
without giving up their energy. Neutrons could also approach 
charged nuclei without being repelled or deflected by strong 
electrostatic forces, as a particles are deflected when 
scattered by nuclei. In a head-on collision with a hydrogen 
nucleus (proton) , whose mass should be very close to that of 
the neutron, the neutron could give up practically all its 
kinetic energy to the proton. The latter could then be ob- 
served because of the ionization it produces, and its kine- 
tic energy could be determined. Thus Chadwick 's hypothesis 
could account in a qualitative way for the observed effects 
of the "radiation" from beryllium. 

It was still necessary, however, to determine the mass of 
the neutron quantitatively, and this Chadwick did by means of 
some additional experiments.: His method was based on the fact 
that m a collision between a moving and a stationary parti- 
cle, the speed imparted to the latter is greatest in a head- 
on collision, in which the iJtationary particle now moves off 
m the sane direction as that m which the incident particle 
approached it. A formula for the maximum speed can be de- 
rived from the equations of conservation of energy and momen- 
tum in a head-on collision. Se^ ffO^e Gl 

L4S : Collisibn^ lA/ftPi an unknown object 



St'i" "C(Mlsrrvat ion l.^>s" i:. 
Piojcct Phvsics Rondor 6. 
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See "Some Personal Notes on the 
Search for the Neutron" in 
Project Physics Reader 6. 
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Letters to the Editor 
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thr wntcTti oj, rejected vutnimcrxpts intended for thxs 
or any other part oj Nat\ hk So notxrt m taken 
of amnifpfunui c(^tirnunicanofijt ] 

Possible Existence of a Neutron 
It lilts II shoun h\ liotho and othofR that 
l>*'rj ll.iirn wUvu boinbartJ*^! h\ a particNw of jM)loniurn 
onnt.s a ritjluition f)f ^rt^ii ponot rating |Kjw©r, which 
hits Jill jihsorptiori rooftiriorit in lomi of ahoiitO 3 (cm.)-». 
itty-riiily Mrii^- ( 'uno j4>!iot aitd M Johot found, 
uh"ii iur»f urine I ho loni^tion pn)duc<Hj by thw 
l)i'r\ liii.iii r.'dititioi) in »i \<y<s<«l uitli a thin window 
lh»n lh«^ npru-:iti4n nuTrrt^<i«<J u hon mat t4»r containing 
Jiydrn^rrj vvjts pl»w'(HJ in fnmt of ihn umdow. The 
<«ffiM I H|)|.t-un'd \it h<» (iuo to thf ojtytion of protona 
with \ #•!<»( iiics Mj) to it rruixiiiiurn of m^irly 3 x 10* cm, 
prr N<s> 'Ihry s,i^'uMVNl<«<i that t ho tnirwference of 
on^TL'x t!»€» protori u»i.s hy a pror»«.s similar to the 
(*ninj>t«>n t ♦liK-t.aiMl cvstm)«t<«<J that thnherylhum radia. 
ti«»ii hnd a ipiantiitii c«rii«r^;\ of TjU » !()• oloctmn volta. 

J havo iiitidf honn» rxp<«riniont,s xmnf^ the valvo 
rountiT to rxarnint' pnip<«rtnvs of thiR ra^Jiation 
<«XMtf<l m ht.r\lhum The val\o countor consiatfl of 
a small lomsation chamber conncct<Ml to an amplifier, 
ami thr Midden production nf loim by the entry of a 
parr h In, huch »ts a protori or a particle, w rocortlod 
h\ the tU'tlexion of an oBcillograph Thotto expon- 
irierit^ )m\r shown that the rmliation ojectA particles 
from li\dro^eii, iiciiiiin, lithnim, Iwrj-lliuin. carbon, 
air, and arpn» 'I'ho particles ojeotwl from hydrogen 
brhnxe, lu^ rc^'anN range and lonwing power, hke 
protnn.s witli s|mhxIh up to about 3 2 x I0» cm. per 80c. 
The partioU^ from tho other elements have a large 
loiiiHiii^' power, and app(«ir to be in each case recoil 
at4>ins of the eloniont.s 

Jf we luscribe tho ejtKition of the proton to aCompton 
HMMnl from n (jimnturn of r>2 - 10* electron volta. 
thon the nitrogen rtx'oil atom arising by a similar 
proctiSN nhould have an energy not groater than about 
40().0(K) volt^, hhould produce not more than about 
l(MMK) ions, and ha\e a range in arr at N TJ*. of 
al><)iit I 3 irirri Actually, some of the r©ooil atoma 
m nitrogen j)r«)dn<'e at hvust 30,000 ions. In col- 
laboration with l)r Feather, I have obsMrvod the 
morl atornK in an expansion chamber, and their 
nirige, I'stirriated \ usually, u»w soniotimee as much 
iUi 3 rnio at N.T P. 

'rhes4» rt\suhs, and others I have obtained in tho 
coirrve of the v.ork. are verv difticult to exphim on 
the JUsNuiription that jlie radiation frcnn beryllium 
iH a ({iiantiirn radiation, if <5n<*rgy and momentum 
are to he conscr\e<l in the collisions. The difticultioe 
disap|K.Mir, liowexer, if it be axsumwi that the railia- 
tion coriMHt^'^ of paltlc^v^ of ma.HM ] and charge 0. or ' 
neutrons Tjje <apture of the a -particle by the j 
He* nuc'eUM max he Ruppomvi to n^Hult rri the I 
format Kni of a nucleus and tho emiSHion of the ! 
neutron Krom the one-iry relations of thi« procxxw | 
the xehu'ity of the neutron eniitt>o<l m the forward ' 
dire<Mion inH\ well be about 3 > J0» cm. per sec. 
'I'he colliMoiLs of tInH neutron with tho atoiiLS through 
which it p»u^s,.s give r^^e to the recoil atoms, and tho ! 
obberve<i encrguvs of the rocoil atoms are in fair 
agrfM'inent with thw vnm. Moreover. 1 have ob- I 
Bcrved tliat the protons ejocto<l from hvdrogen by tiio ' 
rmiiation omitt^xi in tho opposite* dire<'tion to that 'if ' 
the exciting o-particle appear to iiave a much smaller 1 
range than tho.so ejoct^Hl ]jy the forward rmhation. 
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' Thia again rocoivea a simple explanation on the 

neutron hypothesis. 
, If It be supposed that the ra^Jjation consixt<« of 
I quanta, then tne capture of the a particle bv the 
j Be* nucleus will form a C'>* nucleus. The niaas 

defect of C»* is known with suffioent aocurmy to 
I show that the energy of the quantum oniitUyJ m this 
1 nrocoHS cannot bo greater than al>out U • I0« volu^ 
j It 18 difticult to make such a quonturn rmponsiblt. 

for the effects observed 

It > to \h} ex|xvted that many of the effivt.s of a 

neuf ui in passing through matt<?r should resi«riible 
I thoH<^ of a ((iiantum of high energy, and it is not e»isv 
r(>acli tho final decision between the two hypo 
( thofjos I'p to the f)ro8enl, all the evidence is in 
I favour of the neulnin. while the quantum hypotluvsis 
I can only bo upheKi if tho conservation of onerRy and 

momentum be relmquishod at some i>oint. 

J, Chaiavk k 

Cavendish I*aboratory, 
Camhrulge. Feb. 17 
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Determining the Neutron'^ Mass 



The sketch above represents the perfectly 
elastic collision of a neutron and a pro- 
ton* To determine the mass of the neutron, 
we proceed by considering a head-on colli- 
sion: conservation of kinetic energy and 
conservation of momentum provide twr alge- 
braic equations which must both hold* Com- 
bining the equations algebraically (solving 
the momentum equation for v^' , substituting 
this for v^' in the energy equation, expand- 
ing, collecting terms and solving for v ') 

P 

leads to an expression for v^' , This ex- 
pression includes the term v^, however, 
which can't be measured. We can eliminate 
v^ from the equation by analyzing another 
collision and combining the results with 
what we already hnve. 




0 



The sketch above represents a perfectly 

elastic collision between a neutron and a 

nitrogen nucleus. When the collisi^- is 

head-on, we can write energy and momentum 

equations similar to what we wrote before, 

but this time leading to an expression for 

Vj^,' * This expression also includes the 

immeasurable v . 

n 

The Vp' equation and v^^' equation are 
then combined algebraically (eliminating 
the v^) and solved for m^* The expression 
for now contains only terms which can 





be measured- 



-so m can be calculated, 
n 



Chadwick calculated the mass of the neutron to be 1.16 
amu. The difficulties of measuring the speeds of recoil El- 
and N^'* kept this from being a very precise value, but it 
was good enough to show that the neutron has a mass close 
to that of the proton; thus Chadwick 's hypothesis did indeed 
offer a satisfactory solution to the problem of the "radiation 
emitted when boron and beryllium were bombarded with a parti- 
cles,: In more precise experiments, Chadwick found that the 
neutron mass is between 1.005 and 1.008 amu. The best methods 
now available for determining the neutron mass give 1.0086b5 
amu as compared with the proton mass of 1.007276 amu (based 
on the scale C^^ = 12.000 000). 

Much research has been dore since 1932 on the properties 
of neutrons and on the interactions between neutrons and atoms 
A branch of study called neutron physics has been developed. 
Neutron physics deals with the production of neutrons, their 

^ — detection and their interaction with atomic nuclei and with 

J^r^^k^/'"'^ r n^^tter in bulk. This research has led among other things, 

KJlSS/- was l^i^td^ '° discovery of nuclear fission, to be discussed in 

(0) 1^ atomic, nurrther Z ^^"p'"" 



(, IPfc discov^ru the 



Q4 Why wasn' t the penetrating radiation ^rom bombarded beryllium 
interpreted as being y rays? 

Q5 Why did the mass of a neutron have to be investigated by 
measurements on protons? 



of )prdbns inside, ihe mdeus^ 
(b) iPie mas^ number A aives 
doe iotal rtumhzr pati(£le% 

yepreser^ #?e number cC ^ " ~ — ~ ^ — - 

' 23.5 The proton-neutron theory of the compos ition of atomic nuclei 

a. 0 6ecau occurs whevi a 
yyeu^/ovi )srtran^fprmed iHfe an 
^edron , Y>r(Xon and a Ipiird 
pavifcle. 
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The discovery of the neutron, with an atomic mass close to one 
unit and with no electric charge, confirmed Rutherford's sug- 
gestion that the atomic nucleus is made up of protons and neu- 
trons. This hypothesis was soon used as the basis of a de- 
tailed theory of the nucleus by Heisenberg in 1932, and is 
still the basis of attempts to describe the properties and 
structure of the nucleus. According to the proton-neutron 
hypothesis, the nucleus of atomic nuntber Z and mass number A 
consists of Z protons and A-Z neutrons. The nuclei of the iso- 
topes of a given element differ only in the number of neutrons 
they contain. Thus the nucleus of the hydrogen isotope of 
mass number 1 contains one proton; the nucleus of deuterium 
(hydrogen isotope of mass number 2) contains one proton and 
one neutron. The nucleus of the neon isotope Ne^^ contains 
10 protons and 10 neutrons; while that of Ne^^ contains 10 
protons and 12 neutrons. The atomic number Z, identified 
with the change m the nucleus, is the number of protons it 
contains. The mass number A is the total number of protons 
and neutrons. If we use the term nucleons to refer to both 
kinds of nuclear particles, then A is the nuirJber of nucleons. 



The proton-neutron hypothesis can be shown to bo consis- 
tent With the facts of radioactivity. If two protons and 
two neutrons could combine, the resulting particle would have 
Z=2 and A=4 — just the properties of the ^ particle. The 
emission of the combination of two protons and two neutrons 
(m the form of an ^ particle) would be consistent with the 
first transformation rule of radioactivity. (The a particle 
might exist as such in the nucleus, or it might be form.ed at 
the mstan* of emission; the latter possibility is now con 
sidered more likely.) But, if the nucleus consists of protons 
and neutrons, where could a r. oarticle come from? This ques- 
tion IS more difficult to answer than that of the origin of 
an :s particle. The second transf orm.ation rule of radioac- 
tivity provides a clue: when a nucleus j.-nits a c particle 
its charge Z increases by one unit while its mass nuurber A 
remains unchanged. This v.'ould happen if a neutron were to 
change into a proton and a ^ particle. 

We now know that a free neutron — a neutron separated froTi 
an atom— changes into a proton, an electron and another, 
uncharged particle (which we shall discuss later) , The dis- 
integration of the neutron is a trans format ion into three 
particles, not just the separation of a neutron into a proton 
and an electron. The half-life of free neutrons is about 
12 minutes. In the 5 decay of a radioactive nucleus (since 
3 particles are not present in the nucleus) a £ particle must 
be created in the act of & decay. This can occur if a neutron 
in the nucleus is transformed into a proton, an electron (and 
the not-yet discussed neutral particle) This concept forms 
the basis of the currently accepted theory of s decay, a 
theory which has successfully accounted for all the known 
nhenomena of 3 decav. 



See "Models of the Nucleus" in 
Project Physics Reader &. 
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According to the pro*: on-ncutron theory of the nucleus, what 
is in the nucleus of 7NI ^? 

d"' Describe a heliun atom in terms of the three elementary 
particlej: proton, neutron and electron. 

Q8 If nuclei do not contain r particles, how can 3 emission be 
explained? 

The neutrino . The descripLicn of B decay in terms of the 
transformation of a neutron in the nucleus involves one 
of the most fascinating stories in modern physics: the 
prediction and eventual discovery of the particles known 
as the neutrino and the antineutrino . Quantitative studies 
of the energy relations in 6 decay during the 1920 's and 
1930's raised a difficult and serious question. Methods 
were devised for determining the energy change in a nucleus 



Suntmaru 3tZ. h 
The frmoiples conservdttsjn 
off etneraiA and momentum 
(Xppearea ib be- \/iold^ed m 
^ decau \ Wie neutrtho was 
postUlaled id be responsihle 

Ih 1^59 Yxeu^mcs \Ajeinz, ^ 
detected . Ufe now Knew of 
eevenxi Kinds^ of neuirmos, 
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during B decay. According to the principle of conservation 
of energy, the energy lost by the nucleus should be equal to 
the energy carried off by the 3 particle. But, when the 
energy lost by the nucleus was compared with the measured 
kinetic energy of the 6 particle, the latter was nearly al- 
ways smaller: some of the energy lost by the nucleus seemed 
(D) ) to have disappeared. Measurements made on a large number 

of 3 - emitters indicatr.d that about two-thirds of the energy 
^ lost by the 6-decayincj nuclei seemed to disappear. Attempts 
to find the missing fneigy failed. For example, some physi- 
cists thought that the missing energy might be carried off 
by Y rays; but no such y rays could be detected experimentally. 
The principle of conservation of energy seemed to be violated 
m B decay. Similar discrepancies were found in measurements 
of the momentum of the electron and the recoiling nucleus. 

As in the case of the experiments that led to the dis- 
covery of the neutron, physicists tried very hard to find 
an alternative to accepting the failure of the principlcb of 
conservation of energy and momentum.. An Austrian physicist, 
Wolfgang Pauli, Jr., suggested m 1933 that anotner particle 
is emitted in a decay along with the electron, and that tins 
particle carries off the missing energy and momentum. This 
hypothetical particle would have no electric charge because 
the positive charge of the proton and the negative charge of 
the electron together are equal to the zero charge of the 
neutron. (Conservation of electric charge 1) The mass-energy 
balance m the decay of the neutron indicated that the mass 
of the hypothetical particle should be very small — much 
smaller than the mass of an electron, and possibly even zero. 
The ^combination of zero electric ciiarge and zero or nearly 
zero mass would make the particle extremely hard to find. 

r^H' '^^^ Italian physicist Enrico Fermi called the suggested 

the "neutrino" or "little neutron." In 19 34 Fermi 

constructed a theory of 3 decay based on Pauli's suggestion. 

This theory has been successful, as mentioned earlier, m 

describing all the known facts of 6 decay. From 1934 on, 

the neutrino was accepted as a "real" particle for two reasons, 

boti theoretical: it saved the principle of conservation of 

energy in 6 decay, and ic could be used successfully both to 

describe the results of experiments in & decay and to predict 

the results of new experiments. Many unsuccessful attempts 

were made to detect neutrinos over a period of 25 years. 

j^^^f^fe^ ^i^^i^V' iri 1959, neutrinos were detected in an experiment 

SB»» using the extremely large flow of neutrinos that comes out 

Enrico Fermi one of the most Of a nuclear reactor (see Chapter 24). The detection of 

productive physicists of this ^ aetection or 

century. neutrinos involves detecting the products of a reaction 
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provoked by a neutrino.: The reaction used was reverse 6 
decay — the production of a proton from a neutron. Again the 
faith of physicists in the principle of conservation of 
energy was justified. 

There is still one more complication: it is now known 
that there are several kinds of neutrinos. The one involved 
m 3 decay (as discussed so far) is referred to as an anti- 
neutrino, and is denoted by the symbol Z (Greek letter "nu," 6^ AppendtK 3 ^ pcu^e 119. 
with a bar over it) . The transformation of a neutron is 
then written: 

in »^ jpi + _.e + V 



O:^ Why was an unknown, almost undetectable particle invented 
to patch up the theory of g decay? 




i 



The first detection of 
neutrinos was in this 
tank. Reactions pro- 
voked by neutrinos cause 
flashes of light in the 
liquid with which the 
tank IS filled. The 
flashes are detected b> 
the photoelectric tubes 
which stud the tank wall. 



F5a : The liyiear acceiemtbr 



See "The Evolution of the Cyclo- 
tron" and "The Cyclotron as Seen 
by..." in Project Physics Reader 6 



SuKr7m04ru 53.7 . 23.7 The need for particle accelerato rs. Up to 1932 the study of 

I U^it a{\ af\^iCAa{r^UcleQr nuclear reactions was limited hj the kind of nrojectilo that 

pC^WeS fr^ naW l^io^ """'"^^ ^ particles fro. the 

aofiVe Sburc^. naturally radioactive nuclides could bring about reactions.. 

Progress was limited because a parti-^les could be obtained 
3. 7^ learn more ohoutiPie beams of low intensity and wuh energies .oss than 8 

f^<^f^,prO)edsle farticles Cf MeV. These relatively low-energy particles could produce 
much hiqher enen^t^ transmutations only m light elements. When heavier elements 

are bombarded with a particles, the repulsive electric force 
exerted by the greater charge of the heavy nucleus on an u 
particle makes it difficult for the a particle to reach the 
nucleus. The probability of a nuclear reaction taking place 
becomes very small — almost zero. But because the interest 
m nuclear reactions was great, physicists sought methods of 
increasing the energy of charged particles to be used as pro- 
jectiles. 

There were advantages to be gained by using particles that 
have only one positive charge — particles such as the proton 
or the deuteron (the nucleus of the deuterium atom) Having 
but a single charge, these particles would experience smaller 
repulsive electric forces than would a particles m the neigh- 
borhood of a nucleus, and thus might succeed in producing 
transmutations of heavy target nuclei Protons or deuterons 
could be obtained from positive-ray tubes, but their energies 
would not be high enough. ^ Some device was needed to acceler- 
ate these charged particles to higher energies. Such devices 
might also offer other advantages: the speed (and energy) of 
the bombarding particles could be controlled by the experi- 
menter; and very intense projectile beams might be obtained. 
It would be possible to find how the variety and abundance of 
nuclear reactions depend on the energy of the bombarding 
particles . 

Since 1930 many devices for accelerating charged particles 
have been invented. In each case the particles (electrons, 
protons, deuterons, a particles or heavy ions) are acceler- 
ated by an electric field.. In some cases a magnetic fieJd is 
used to control the path of the particles, that is, to steer 
them.^ Accelerators have become basic tools for research m 
nuclear and high-energy physics. Also, they are used m the 
production of radioactive isotopes and serve as radiation 
sources for medical and industrial purposes. The table pre- 
sented on the next page summarizes the major types of par- 
ticle accelerators now being used. 




First stage of a 750 kilovolt 
proton accelerator (see p. 59 
of Unit (*) . 




A Van de Graaff generator built 
on a vertical axis. 
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Next on the long-range planning list of the U.S. Atomic 
Energy Commission is a 200 BeV particle accelerator to be 

3. This \neecl led id #)e cfeve/opm^T of maclnines ustncf electric. otiJ macyidtc fields fe 
66 accelerate, f articles id hi^ e^ierates ; ihe 1fend iowams deskonma nwtdhihes of hicfier 
ond hipjher ener^cj has not ended ^ 4^ EveyiiPtou^ manuj new particles have been 
di6cov&md bij means cf accelenaibrs , iPi& problem cf Itid detMed SfruciUre of #ie 
nucleus has not i^t been Soiy/ed. 



Table 23.1 Maior types of particle accelerators 



Type Principle of Maximum Particles Notes 
Operation Energy 

ONCE-THRQUGH ACCELERATION 

Cockcroft- direct high volt- ^4 MeV various commercially available 

Walton age potential 

Van de Graaff high voltage by =^3 MeV electrons commercially available 
generator moving belt ^14 MeV protons 

Linear successive appli- =^10 MeV heavy ions Lawrence Radiation Labor- 

accelerator cation of high per par- atory and Yale University 

frequency volt- tide 
ages 

Linear pulsed high ^20 BeV electrons Stanford University, two 

accelerator frequency wave miles long 



CYCLIC ACCELERATION 



Betatron 



Cyclotron 



Synchro- 
cyclotron 



Electron 

synchrotron 



Proton 

synchrotron 



magnetic indue- - 
tion (electrons 
accelerated in an 
evacuated tube be- 
tween the poles of 
an electromagnet) 

voltage of con- - 
stant frequency 
applied to parti- 
cles m fixed mag- 
netic field 

voltage of vari- 
able frequency 
applied to parti- 
cles in fixed 
magnetic field 

voltage of con- 
stant frequency 
applied to par- 
ticles orbiting 
in variable mag- 
netic field 

synchronized 
voltage of high 
frequency ap- 
plied to par- 
ticles orbiting 
in variable mag- 
netic field 



300 MeV electrons 



=12 MeV protons 
-24 MeV deuterons 
=48 MeV particles 



^750 MeV protons 



-7 BeV electrons 



=12 BeV protons 



Largest machine at the 
University of Illinois 



numerous installations 



184-inch unit at Lawrence 
Radiation Laboratory, Berkeley 



Hamburg, Germany (7.5 BeV), 
Cambridge Electron Accel- 
erator (6 5gV) operated by 
Harvard and M.I.T.^ 



6,2 BeV "Bevatron" at Law- 
rence Radiation Laboratory, 
3 BeV Cosmotron at Brook- 
haven, 3 BeV at Princeton, 
and 12,5 BeV synchrotron 
at Argonne National Laboratory 



Alternating 
gradient 
synchrotron 



same as synchro- 
tron except 
successive seg- 
ments of mag- 
netic field 
have ODposlte 
curvature . 



-30 BeV protons 



Brookhaven National Labor- 
atory (Long Island) and 
CERN, Switzerland 



-70 l3eV protons Serpukhov, U,S,$,R. 



Strong -focusing 
synchrotron 



-200-400 BeV Weston, Illinois (in planning 

protons and design stage) 






b. The Stanford "Linac" 
(linear accelerator). 

d. The CERN proton syncho- 
tron at Geneva. The 
evacuated ring in which 
the protons are acceler- 
ated is Cil the upper 
IcfL of d. 

e. The 184'' cyclotron at 
Berke ley . 

f. The Brookhaven Cosmotron, 
in operation from 1932 
to 1967, has been super- 
ceded by lar;.>er acceler- 
ators. 
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A lan^<a ^ask u/os connec1^a( here , Ji was pumped out , ayw( lPtey\ connected suddenlu 
id it^e cloud chcxmher flcor , cxxustna t to drop verof suddeytliA and produce a rapier 
expa\ns{0)n \n Ihe chamber 'y-^n ^ J ) 

by 1973 for approxiiPatcly $240 r^ullion. Initial 
an 800 to 1000 bcV iPachmo are being formulated;, 
i^on should begin by 1971 at a cost of about $800 
IS a nation willing to budget sucli surrs for 





J 

23.7 ^ 

Gorrpleted 
plans for 
construe ti, 
million 



ywhy 





^larger particle accelerators? what do uc plan 
Lth these high-energy machines? liasically, the 
nple one: we woula like to find cut as much as 
about the structure of nuclear particles and the na- 
frees holding them together. 

/discovery of the neutron m 1932 it was believed 
that three "elementary" particles act as the building blocks 
of matter: the proton, the neutron and the electron. We have 
mentioned the existence of new particles, such as neutrinos 
and antineutrinos. As high-energy accelerators became avail- 
able, additional "elementary" particles were discovered one 
after another. In the appendix is a list of some of these 



a. 
b. 



WiLson's cloiid chamber. 

Particle tracks in a cloud chimbcr. 

The tiny bubble chamber, 3 cm long,, invented by D.A. 
Glascr in 1952. Glaser was 26 at the time and 8 years 
later was awarded the Nobel Prij:o for his invention.^ 
(Note the particle track.) 

The 200 cm Bubble Chamber Assembly at the Brookhaven 
Xationnl Laboratory. 
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particles- they are grouped into "families" according to 
their properties. Most of these particles exist only very 
briefly — typical lifetimes are of the order of 10"^ second 
or less.. A whole new field, 'high-energy physics," has 
fvolved and the high-energy physicist of today is trying to 
detect some order and structure into which he can fit the 
large number of ''elementary' particles he has discovf^red. 

How CiO we detect these particles? We have already men- 
tioned a number of methods by which we can observe and measure 
radioactivity. They include the Geiger counter (Sec. 19.3), 
the electroscope and electrometer employed since the early 
days of radioactivity, and the Wilson cloud chamber. In addi- 
tion we now have various types of ionization chambers, scin- 
tillation counters, photographic emulsions, semiconductor 
devices, bubble chambers and spark chambers, some of which 
are displayed on these pages.. One of the additional units in 
this course. Elementary Particles , describes the discoveries 
made with these detection devices , 





e. The viewing of a projected, enlarged photograph of 
particle tracks in a bubble chamber, 

f, g. h, A spark chamber. A charged particle passing 

through the chamber ionizes the gas along its path 
between the plates. When high voltage is applied, 
sparks jump between the plates along the ionized 
tracks, thus revealing che paths of the particles. 




Summoru S13.<S 

I. use acce^lerators )ns 
led tb -tinousands of mdear 
rectcticHB of yrtcmuj '^cjpe^. 

S. Ihe anc^ieyit dr^CK/vx of H^^ie 
alchentt^ Incts come true. . Ufe 
are^ now able fc v^roduce 
artifiUaWu almcsx anu mudide 
ye. waritj in oJ( cc^ ^ charxx^^ 
12) and mass laumher C/) ^ 
mugt be opnserved^ 

3. Heuiv-on " froducina Ye<Kct^dns 
ore e^ipaciaLiu impmant^ 
oecau^B 1Pte -^^^ufrons 1Piem- 
selves C4V I incd/ce a t^^eaf 
var'teuj of Yeact\^Y\£. ^ 

We discuss the transmutation 
into gold only as an example of 
a nuclear reaction; a more use- 
ful reaction is the transmuta- 
tion of gold into something else 
— for example: 

which is used to obtain very 
pure samples of a single mercury 
isotope . 



Q10 Why can low-energy tx particles cause Cransmu Cations onlv 
in nuclei of low mass? ' 

011 Why are protons more effective projectiles for promoting 
nuclear reactions than g particles or heavy ions? 
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7^7: Huciear e^quatdng 
LS- 4. : fjuclear reactidns 



^ Nuclear reactions. The development of the cyclotron anT^er 
particle accelerators led to great advances in the study of 
nuclear reactions. Nearly all of the stable nuclides have 
been bombarded with protons, deuterons, a particles, neutrons 
and Y rays, and hundreds of nuclear reactions have been ex- 
amined. Examples of reactions induced by a particles and pro- 
tons have already been discussed. 

Since the first known alchemical writings during the third 
or fourth centuries A.D., and throughout the historical de- 
velopment of chemistry, the dream of "making gold" has al- 
ways been present. in most nuclear reactions one element is 
changed into another: the ancient dream of the alchemist has 
come true, but it is unlikely to make a fortune for anyone. 
Now we are finally able to transmute various elements into 
gold, but such transformations are a far cry, both in method 
and purpose, from the attempts of the ancient alchemists. 

Gold has only one stable isotope — 79Au^^^- all other 
gold isotopes are radioactive and are not found m nature. 
We will illustrate two types of nuclear reactions induced by 
deuterons, both resulting in gold. One is 



+ QoHg 



199 



The other is 



+ 78Pt^9^ 



79Au^^^ + 2He' 



In both cases we need an accelerator to produce high-energy 
deuterons; in bombarding a mercury isotope we produce a 
particles besides our desired gold. Bombarding platinum we 
produce neutrons in addition to the gold. 

The last reaction, in which a neutron was produced, is an 
example of reactions ^hich have become especially important 
because of the usefulness of the neutrons produced. Neutrons 
can result when nuclei are bombarded with protons, deuterons 
or a particles, as in the reactions: 



BNi58 + 29Cu5^ 



'12 



+ iH 



iH^ — 7N^3 + ^^1^ 



72 



i^Be^ + 2He' 



'12 



+ nn 
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The neutrons produced by bombardment can, m turn, be used 
to induce nuclear reactions. Neutrons are especially effec- 
tive as "bullets" because they have no electric charge. They 
are not subject to repulsive electrostatic forces in the 
neighborhood of a positively charged nucleus, and are there- 
fore more likely to penetrate nuclei than are protons, deu-> 
terons or a particles. Because of the neutron's lack of 
electrical charge many more reactions have been ind-ced by 
neutrons than by any other kind of particle. Fermi was the 
first to undertake a systematic program of research involving 
the use of neutrons as projectiles in nuclear reactions. He 
bombarded many elements, from the lightest to the heaviest, 
with neutrons, and studied the properties of the nuclides 
produced. The research described in the prologue to Unit 1 
was done as part of this program. 

A typical neutron- induced reaction, once again resulting 
in gold, is: 




In this bubble chamber picture, 
a neutron is produced at bottom 
center ^md in turn causes a 
reaction near the center. 
(Neucral particles <io not leave 
tracks in bubble chambers.) 



In a very common type of neutron-induced reaction the neu- 
tron is captured and a y ray is emitted, as in the following 
example: 



fiPt 



196. 



78Ptl97 + 



Note that since there is no change m the atomic number 
the element remains the same. An isotope of the target nu- 
cleus is produced with a mass number greater by one unit than 
that of the target nucleus. The new nucleus is produced in 
an excited state and returns to its lowest energy state by 
emitting one or more y rays. 

Atomic nuclei can also undergo reactions when bombarded 
with Y rays; an example, once again resulting in gold, is 
the reaction: 



Y + 80Hg 



1 98 



— 79AUI97 



In this case the energy of the y ray excites the mercury tar- 
get nucleus which becomes unstable, ejects a proton and be- 
comes a gold nucleus. 

The amount of gold produced by the above reactions is very 

small; we simply tried to illustrate some typical artificial 

transmutations. The examples we have given barely suggest 

the rich variety of such reactions that have been observed. 
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7 ie products of these reactions may change as the energy of 
the bombarding particles changeiS. Nuclear reactions are im- 
portant, not only because they indicate our ability to produce 
new nuclides, but also because they provide important data 
about nuclear structure. A model of nuclear structure, to be 
successful, must enable us to predict the results of these 
nuclear reactions , just as a successful model of atomic struc- 
ture must allow us to predict the results of chemical reac- 
tions . 



Is this statemL-nt true or falso: '*AU nuclo.ir reactions in- 
volve irdnsniutation from one element to another'*? 

What property of neutrcnis makes them particularly useful for 
provoking nuc lear reactions'? 



&umyy\aY(A S3. 

y. Mcm\^ of tPie ^nuclear reactions 
yesud m yodioactty/^ f>roducts. 

9 Ifiese arttftCicxUu -Reduced 

mdioactivc, nuclides usuallu 

eMit electrons or pvditrcn^. 

23.9 Artificially induced radioactivity . 

5. Aljwst IStoo ixytetable 
nuoUdes have, been fc^repared 
arid idertHfied. 



' Complete the following; equation for a nuclear roattlon: 



In the discussion of 



i: :; ■ 



nuclear reactions we have passed over an interesting dis- 
covery. We have shown that the capture of a neutron by 
platinum 196 results in platinum 197 and the emission of a 
y ray. As seen from Table 22.1 six different isotopes of 
platinum are found m nature — but platinum 197 is not among 
these. The question arises: is the platinum 197 produced by 
neutron capture stable? The answer is no; it is radioactive 
and decays by the emission of a p particle to gold 197, 
becoming the only stable gold isotope: 



7^^ 



79 



Au 



1 9 7 



1^ 



This IS one of the earli- 
est records of a "shower" 
of electrons anu positrons, 
and shows their tracks 
curving in opposite direc- 
tions in a strong magnetic 
field. Tlie showei* was 
caused by cosmic rays and 
was recorded in this Wilson 
cloud chamber ^.loto taken 
at an altitude of 4.3 km., 
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The half life of platinum 197 is 20 hours. 

The production of radioactive platinum 197 m a nuclear 
reaction is an example of artificially induced radioactivity , 
discovered in 1934 by Irene Curie and F. Joliot. They were 
studying the effects of j particles on the nuclei of light 
elements. When they bombarded boron, magnesium and aluminum 
with a particles from polonium, they observed protons and 
neutrons, as expected. But, in addition to these particles, 
positive electrons , or positrons , also were observed. The 
positron is a particle whose mass is the same as that of the 
electron, and whose charge has the same magnitude but oppo- 
site sign to that of the electron. 

The positron had been discovered earlier by C. D. Anderson 
m 1932 while studying photographs of cosmic ray tracks in a 
cloud chamber. Cosmic rays arc highly penetrating radiations 
which originate outside the earth and consist of protons, 



F5? . fbsiPon - electron ar\^ ih i bfion 
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electrons, neutrons, photons and other particles. Employing 
a cloud chamber situated m a magnetic field, Anderson ob- 
served some tracks which could have been produced only by 
particles having the mass and magnitude of charge of the elec- 
tron, but the curvature was opposite m direction to that of 
electron tracks; Anderson concluded that the particles pro- 
ducing them must have been positively charged. 

The production o£ posi'_rons along with neutrons a re- 
sult of the bombardment a light element with a particles 
seemed to indicate that a new type of nuclear reaction could 
occur in which a neutron and a positron were emitted. But 
further experiments by Curie and Joliot showed that the light- 
element targets continued to emit positrons even after the 
source of the a particles had been removed. When the rate 
of emission of the positrons was plotted against the time 
after the removal of the a particle source, curves were ob- 
tained, for each target, similar to the curves obtained in 
natural 6 radioactivity. The results seemed to show that an 
initially stable nuclide had been changed into a radioactive 
one. In the case of the bombardment of i 3A1^ ^ by a particles, 
which produced neutrons as well as the new radioactive matej'ial, 
the reaction expected would produce an isotope of phosphorous: 



13AI27 + 2He^ 



■on' 



Curie and Joliot made chemical separations <^imilar to those 
made in the study of the naturally radioactive elements, and 
showed that the target, after bombardment, contained a smaJl 
amount of phosphorus that was radioactive. Now, phosphorus 
occurs in nature only as igpSl; natural i5P3l has an isotope 
abundance of 100 percent and no isotope of phosphorus with 
mass number 30 had ever ceen found to occur naturally. It 
was reasonable to suppose that if p30 „ere made in a nuclear 
reaction it would be t.\dioactive and would decay m the fol- 
lowing manner: 



15* 



mSi30 + + 



where mSi^o is a known isotope of silicon, ^e^ represents 

a positron (.le^ represents an electron), and v is a neutrino. 

The half-life of P^o turned out to be 2.5 minutes. 

This kind of 0 decay implies that a proton in the nucleus 
is transformed into a neutron and positron (and a neutrino) : 




F. Joliot and Irene Curie in 
their laboratory. They were 
married in 1926. 



1 0 
n + e + V , 
' +1 
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After the discovery that the bombardnient of light nuclides 
by a particles can lead to radioactive products, it was found 
that nuclear reactions induced by protons, deuterons, neu- 
trons and photons can also result in radioactive products. 
As in the case of the natural radionuclides, an artificial 
radionuclide can be characterized by its half-life and the 
type of radiation it emits, when the products of nuclear 
reactions are radioactive they can be traced in chemical 
separations by means of their characteristic half-lives or 
decay products. Otherwise they could not be traced oecause 
of the very small amounts involved — often less than a 
millionth of a gram. The special branch of chemistry that 
deals with the separation and identification of the radio- 

23 'r active products of nuclear reactions is called radiochemistry 
and has become an important part of nuclear science. The 
breadth of thxs field is indicated by the fact that since 
1935 about 1200 artificially radioactive nuclides have been 

2^15 nade and identified. 



OIF Complete tne folioving equation for a positive 6-decay: 

How many neutrons and protons were there in the nitrogen nucleus 
before decay? How many in the carbon nucleus aftervard? 





The bubble chamber photo at the upper left 
illustrates one ot the ciost important dis- 
coveries of modern physics, the intercon- 
version of energy and matter (Chapters 9 
and 20). The diagram above shows the sig- 
nificant tracks of that photc In the up- 
per left an electron-positron pair is 
formed by a ganaaa ray (not visible in bub- 
ble chamber pictures) interacting witn a 
hydrogen nucleus. An applied magnetic 
field causes the electron and the positron 
to be deflected m opposite directions. 
(Can you determine the direction of the c^a^- 
netic field?) 

In the lower left of the '^ame photo a gamma 
ray forms another electron-positron pair; 
the additional electron (third track, up- 
ward) was knocked out of a hydrogen atom 
during this process. 

The bubble chamber photo was taken in a 
10" liquid hydrogen bubble chamber at the 
Lawrence Radiation Laboratory of the Uni- 
versity of Calitornia, The chamber is 
shown at the far left with the liquid ni- 
trogen shield removed. The accompanying 
diagram gives some oC the details of the 
bubble chamber and its auAiliary equipment. 
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23.1 Why would it be difficult to explain <sJJ- ^ ^ a -ixture ot 
alpha particles and electrons? is noX ^Tst^lc «j 4 

23.2 On the basis of the proton-*»lectron hypothesis of nuclear con- 
position, how many protons would you expect to find in the ^^U -5- 
nucleus? How many electrons? A3*3 prions, etactrons. 

23.3 Complete the following rtuc lear equations: 

(a) sB-^ + 2He^ ^ (,C'^) + iH'. 

(b) :jNa2^^ ^ ^{Ji^^ + 

(c) , jAi-^ + ,He- sv*") + 1 hi. 

(d) (^S^) + 2He" ;7C1-^ + :H-. 

(e) ( it'") +2He" ^23Ca-*2 + 

23.4 Complete the following nuclear equations: 

(a) 3Li^ + jHl .He^ + ( He*) • 

(b) ^Be ' + jH^ »-2He-* -!- ( ^^j'). 

(c) ^Be^+ jH^ ^ + ,H^. 

(d) 58-^ + ^He"* .^^N^'*+ ( n')- 

23.5 Complete the following nuclear equations: 

(a) Ai27 + .^aI^^ + ( -j. ) • 

(b) Al2^+ ^.H^ ^ (aI^^- 

(c) Al-?' + iH- .Ke** + 

(d) Ai^ ^ + ^ ^ He** + ( 2^ . 

What aspect of nuclear reactions do equations (b) and (d) illustrate? 

23.6 Explain briefly why the caxiisun speed gained -iy nitrogen 
nuclei in collisions with neutrons is approxinaCeiy an order of 
magnitude less than that gained by hydrogen nuclei in collisions 
with neutrons, , . • i ^ • 1 

23.7 One aajor ^osaSvantage^ of -Ji^rl^t nethods of sieasurensent is 
that the experic^ntal uncertainty is oftan increased. If Chadwick 
had measured a aaaxitaura speed of 3.2 x 10^ cm/ sec for hydrogen 
nuclei (a shift of only 3Z) , and 6.7 x 10^ cm/sec for nitrogen 
nuclei (no shift), what would be the calculated mass of the neutron? 
By wh;it percentage would the calculated mass of the neuL^on ch-.^je 
due to the 37* shift in the speed measurement? « 

23.8 Indicc-te the mass number A, the atomic number Z, the number 
of protons and the number of neutrons for each of the follov^ing 
nuclei: (Make a similar table in your notebook.) 
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A 


z 


protons 


neutrons 




: / 

t 


1 ' 

i 


1 ; 
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1 
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Q 


Li' 




3 


3 
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i3 
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90 
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1 
















I 3S>. 


pb2C6 


\ ^06 




8a 


1 P4. 



23.9 nany electrons are there in a neutral aton of 

(a) platinun 1962 7C 

(b) gold 197? 79 

(c) cercury 198? So 

23.10 Complete the following nuclear equations: 

(a) j.Na^U.H^ , + ,^.^) . 

(b) , jNa^ ^ + qh- V + (^^3^ ) . 

(c) ^^Mg^^ + jn'^ ,H' + (AjH). 

r 

(d) j.Mg^^' + ,h2 .-.He- + (,ia^). 

What aspect of nucleat reactions do these equations ilU'strate? 

23.11 Describe the following reactions in words ; (iescnptidn 

j3Al-' + jjn^- l^Mg^^ + lH\ 

uMg- ' ^: 3 Al^^ + .1-% 7+ Y; T = 9.5 inin. 

23.12 It is often necessary to infer informaticn in the bsence of 
direct evidence. Thus when a hunter following the tr? .^^ of a 
raobit in the snow finds that the tracks suddenly stop with no 
evidence of o her tracks or of hiding places, he r^ay infer some- 
chmg about v possible presence of owls or eagles. 

The bub. - chamber photograph at the right shews, amon. other 
things, the tr«.«ks of two nuclear particles that originate or ter- 
minate at point A. Describe the interaction that occurs at po-nt A 
m terns of your knowledge of the law of conservation of momentum. 

Z^.l^ How do you think the discovery of artifically radioactive 
nuclides helped the developc .t of theories of nuclear structurr? 
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24.1 Conservation of energy in ruclear reaction s. In the discus- 
sion of nuclear reactions in the last chapter '.he emphasis 
was on the transformations of nuclei and on the properties of 
the nuclides formed. But there is another property of these 
reactions that is important — the absorption or release of en- 
ergy. The way in which we wrote the equations for nuclear 
reactions is analogous to that used for chemical equations, 
and we can extend the analogy to the treatirient of the energy 
relations in nuclear reactions. In some cheiical reactions 
energy must be '"applied from the outside to keep the reaction 
going, while in others energy is liberated. The formatjon of 
water frora oxygen and hydrogen is an example of a reaction in 
which energy is liberated;' the reaction between these two 
gases is usually violent and heat is given off. We may con- 
clude that the water fo.-^ed has less energy than did the sub- 
stances of which the water is made, v^hen water is decomposed 
by electrolysis, electrical e.iergy must be supplied by passing 
a current through che water, and the products of the reaction 
— the oxygen ana hydrogen liberater* — have more energy than the 
water. 

Chemical reactions can be analyzed quantitatively in terms 
of the amounts of the reacting materials and of the products 
formed, and in terms of the energy ^chermal or electrical) ab- 
sorbed or liberated. In an analogous way a nuclear reaction 
can be analyzed in terms of the masses and the energies of 
^he nuclei and partic" oefore and after the reaction. Nu- 
clear reactions rr-^y ab. o.rb energy or they may liberate energy. 
The amount of energy absorbed or emitted per nucleus involved 
is greater by a factor of a million or more than the amount 
involved per atom in a chemical reaction. Since mass and 
energy are equivalent, larae release of energy will be ac- 
companied by cl.^ges in the total rest mass of the interact- 
ing nuclei. The r« lation E = mc^ plays an inportant part in 
analyzing nuclear reactions. Nuclear fission and nuclear 
fusion (discussed later in ^is chapter) are two special 
kinds of nucle-^.r reactions in which the energy release is 
much greater, by a factor of 1 to 100, than that in other 
nuclear reactions. It is the exceptionally large energy 
release in these two types of reactions that makes them 
important in industrial and military applications. 

In »,his chapter we shall examine the mass and energy re- 
lations in nuclear reactions and some of their consequences. 
This study will show how some of the ideas and experimental 
information of the last three chapters are linked together. 
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Is energy always liberated in a nuclear reaction? 
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In this n'oclear-eleotrlc power plant, a controlled 
tission reaction supplies heat energy lor operation of 
a steam turbine whicb diives an eleccricil generator. 



I- Huo\e(xr reactions cayi be 

yyiasses- and enetaie-S hefore 
and after lh<^ rtmctidn . 



S. Am^ chcmaa m rest mass 
s associated wilPi a kirvetic 
enen^tj cPiayv^ m accordance 



In both cases we neglect the 
small amount of energy which 
may be required to start the 
reaction. 



It would be a good idea to re- 
read pp. 102-105 in Unit 5, to 
review the relativistic rela- 
tionship of jaass and energy, 
Tvo important ideas for this 
chapter are: a) the mass of a 
moving body is greater than 
the rest mass by KE/c2, aad 
b) - ^.article at rest has a 
rest energy of moc^. 



See "Conservation Laws" in 
Project Physics Reader 6. 
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/. T^or edch atdmt'c epeaes^ 
C^rrvic mass SmMer 1tian "'fte 
sum of l^jfcx rest rncssies of 1tne. 
ccns^t0e4rit pCkrtTcles. 

3. ^iFtft loss in rest rnast is 

ener^iA release, is called 1he. 

^.^^^^ of -the riucleus. 



binding en 



As early as 1927 Aston concluded 
from his measurements with a 
nwss spectrograph, if two light 
nuclei combine to form a heavier 
one, the new nucleus weighs less 
than the sum of the original 
ones . 



The energy of nuclear binding . Our concepts of atomic and 
nuclear structure — rhat an atom consists of a nucleus sur- 
rounded by electrons and that the nucleus is made up of pro- 
tons and neutrons — led to a fundamental question: is the 
rass of an atom equal to the sum of the masses of the protons, 
neutrons and electrons that make up the atom? This question 
can be answered because the masses of the proton, the neutron 
and the electron are known, as are the masses of nearly all 
the atorpic species. A survey of the known atomic masses shows 
that, for each kind of atom, the atomic mass is always less 
than the sum of the masses of the constituent particles m 
their free state. The simplest atom containing at least one 
proton, one neutron and one electron is deuterium, ; in 
this case we have for the masses: 



rest mass of one proton 
rest mass of one neutron 
rest mass of one electron 



= 1.00 72 76 amu 
= 1.008665 
= 0.000549 



total rest mass of constituent 

particles in free state = 2.016490 



rest mass of deuterium atom 
difference (Am) 



= 2.014102 

= 0.002388 amu. 



I amu = 1.66 



(: ^imu)( n6 , 10-- ^ ^) 
at?u 

' O ' 10" — ) 
sec 



14.9 



jou les 



^ 14-^ " 10" ^ ic > . 
1.6 ' 10" joolo/Mcv 

= 93 i MeV 



Although the difference Am in rest mass may appear small, 
it corresponds to a significant energy difference because of 
the factor c^ in the relation E = mc^. The difference AE 
in energy should correspond to the difference in mass ac- 
cording to the relation: AE = imc^. The conversion factor 
from atomic mass (expressed in amu) to energy (expressed in 
MeV) is 

1 amu =9 31 MeV. 

If a proton and neutron combine then a rast mass of 
0.002388 amu should be "lost," appearing as 0.002388 amu x 
931 MeV/amu =2.22 MeV of kinetic energy. 

The result calculated from the change in rest m^xss can 
be compared with the result of a direct experiment. When 
hydrogen is bombarded with neutrons, a neutron can be cap- 
tured in the reaction: 



on* 



Since there are no fragments with largo kinetic energy, the 
"missing" mass of 0.002388 amu must be cnrrier^ away by the 
Y radiation. The energy of tl:e y ray has been determined, 
and is ?.22 MeV, as predicted! The inverse reaction, in 
which deuterium is bombarded with y rays, has also been 
studied ; 
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VJhen the energy of the y rays is less than 2.22 HeV, no re- 
action occurs. But if we use y rays of energy 2.22 MeV or 
greater, the reaction does occur: a proton and a neutron 
are detected. In the '"capture" of a neutron by the nucleus 
iH*, energy is liberated. In the inverse reaction (^H^ bom- 
barded with > rays) energy is absorbed. The energy, 2.22 MeV, 
is called the binding energy of the deuteron. It is the en- 
ergy released v;hcr. a proton and neutron combine to form a nu- 
cleus. (The binding energy is also, therefore, the amount of 
energy which would be needed to break the deuteron up again.) 

02 When energy is "liberated" during a nuclear reaction, what 
becomes of it? 



24.3 Stability and binding energy . The calculation made for deu- 

terium can be extended to the other nuclear soecies. In , , • # . ^ . . ^ , 

' /. Ihe bitidxna enerqu (s cdcalat^d 

practice, physirists make such calculations for atoms ratner ^irschu frcW Ifte di^er^rroe aare^ 
than for atomic nuclei, because experimental values of atomic ynoss, 
masses are known from mass-spectrographic measurements. 

Since an atom contains electrons (m the outer shells) as ^ '^^^^L.f^^^^^L ^ ^ ^(^chu^ 
well as the protons and neutrons in the nucleus, the mass of """^ ^ C^^^O^e W/flQ 

the electrons must be included in the c ilculations. It is 
convenient to do so by combining the mass of one proton and 
one electron and using the mass of one hydrogen atom for the 
combination. (The binding energy and equivalent mass in- 
volved in the formation of a hydrogen at^m from a proton and 
an electron may be neglected — it is only 13 eV as compared 
to nuclear tindmg energies which are <ieveral MeV per nuclear 
particle.) The following example illustrates the calculations 
necessary to find the binding energy of an otora. V7e compare 
the actual mass of a carbon 12 atom with the total mass of 
its separate component particles: 

rest mass of 6 hydrogen atoms 
(includes 6 protons and 6 

electrons) 6 ^ 1.007825 = 6.046950 amu 

rest mass of 6 neutrons 6 x 1.00 8665 = 6.051990 

total rest mass of particles 12.098940 

rest mass of carbon 12 12. 000000 

difference in rest mass Am = 0.098940 amu 

0.098940 amu x 931 MeV/amu = 92.1 MeV. 



In the same manner one can calculate the binding energy of So 24 1 
any stable atom. Figure 24.1a shows how the binding energy for 
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Fig.' 24.1a Binding energy 
as a function of A. 
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stable nuclides increases with increasing atomic mass, as 
more particles are added to che nucleus. Such data have im- 
portant implications for the structure of the nucleus. This 
can be seen more clearly if we calculate the average binding 
energy per particle. in the case of carbo^i 12 example, we 
found the total binding energy to be 92.1 MeV. Since we are 
dealing with 12 particles inside the nucleus (6 protons and 
6 neutrons), the average binding energy per particle is 92.1 
MeV/12 or 7.68 MeV. In Fig. 24.1b the values of average 
binding energy per particle (in MeV) are plotted against the 
number of particles (mass number A) . 

The binding energy per particle starts with a low value 
for deuterium, and then increases rapidly. Some nuclai, for 
example He\ C^- and O^^ have exceptionally high values as 
compared with their neighbors. More energy would have to be 
supplied to remove a particle from one of them than from one 
of cheir neighbors. We would therefore expect He**, C^^ 
0^^ to be exceptionally stable. There is evidence m favor 
of this conclusion: for example, the fact that the four par- 
ticles making up che He** nucleus are emitted as a single unit, 
the a particle, in radioactivity. The curve has a broad 
maximum extending from approximately A = 50 to A = 90 and 
then drops off for the heavy elements. Thus, 29Cu^3 j^^g ^ 
binding energy per particle of about 8.75 MeV, while 92^^^^, 
near the high-A end of the cirve, has a value of 7.61 MeV. 
The nuclei in the neighborhood of the maximum of the curve, 
for example, those of copper, shouJd be more difficult to 
break up than those of uranium. 



Notice the unusually high prsi- 
tion of He** (the dot near 7.1 
MeV). This is related to its 
unusually great stability. 
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Fig. 24.1b A.verage binding ene 'gy per particle as a function of the 
number of particles A. 



Now it is clear why atomic masses are not exactly whole 
number multiples of the mass of a hydrogen atom, even though 
nuclei are just ccllections of identical protons and neutrons. 
The total est mass of a combination of these particles is 
reduced by an amount corresponding to the binding energy, 
;nd the average binding energy varies from nuclide to nuclide. 

With the information we now have about the nuclear binding 
energy, we shall be able to get an understanding of the energy 
relations in nuclear reactions. (There are other important 
implications of the average binding energy curve. Fig. 24.1b 
which we shall mention later.) 



Q3 Which would be more stable, a nuclide with a high tota^ binding 
energy, or a nuclide with a high average binding energ**'' 



.4 The mass-energy balance in nuclear reactions . In the previ- 
ous section we used a very simple nuclear reaction to intro- 
duce the concept of binding energy. In i:his section we shall 
use a more complicated reaction — one in which the products 
are nuclei — to show an important relation between the binding 
energy and the energy liberated in a nuclear reaction. 

We shall analyze the mass-energy balance in T:he reaction 
of a proton with lithium 7: 



iH^ + 3Li7 



2He^ + 2He'^ 



This reaction has historical interest: it was the first case 
of a nuclear disintegration brought about by artificially 
accelerated particles- and the analysis of the reaction pro- 
vided one of the earliest quantitative tests of Einstein's 
mass-energy relation. The reaction was a good one to analyze 
because the mr-^ses of the proton, the a particle and the Li 
atom ' ere known, and t^ e kinetic energies of the proton and 
the two a particles could be measured accurately. The values 
of the atomic masses are: 

rest mass of Li^ = 7.016005 amu 
rest mass of = 1.007825 amu 

rest mass of He^ = 4.002604 amu 

The energy released may be calculated by finding the 
difference in rest masses before and after the nuclear 
reaction takes place. The difference in rest mass is 
0.018622 amu, corresponding to 17.3 MeV. Since total energy 
IS conserved, we can assume that 17.3 MeV of lost rest energy 
appears in the total kinetic energy of the two a particles 
enitted. In actual experiments the incident proton has ki- 
netic energy so that the 17.3 MeV represents the difference 
between the kinetir energies of the two emitted a particles 



I . Ifie aareernent be^een 
^coYididal and exjf^nme^^l 
values for chayi^e^ cf mas^ 
av\d e^r\era{j \n mdear readich^ 
fTToyides sirma e^'dence for 
validitij of einsteiins rrtass - 
enert^v^ ecjjudiidn, 

5. Jjn an(4 mdear reaction. \f 

nuaei atB mom. fiahtiij bwnd 
iPian ftncse in ihe r^c^^'a 
nuclei^ e^crt^u yyiust ha^ 

reaction . ^ 



before 



Li' 



7.0160:^5 
1.007^.25 
8.0z3830 



after 



He^ 4.002604 
He"* 4.002604 
8.005208 



Atn 



8.023830 
6.005208 
0.018622 amu 



0.018622 amu x 931 MeV/amu 
=17.3 MeV 



Since binding energy is the 
energy released in the formation 
of a nucleus, those nuclei with 
the highest binding energy have 
lost the most rest energy. 



24.4 and Llie kinetic energy of the incident proton. The agree- 
ment between the energy calculated from the masses and the 
experimental value found from the kinetic energies shows 
that the mass-energy relation is valid. There is a genuine 
release of energy from the lithium atom at the expense of 
some of the rest mass of its fragments. This experiment 
was first done in 1932. Since then hundreds of nuclear 
transformations have been studied and the results have in- 
variably agreed with the mass-energy relationships calcu- 
lated by means of Einstein's equation E = mc^ . 

The results obtained for the mass-energy balance in nuclear 
reactions can be related to information about binding energy 
contained in Fig. 24.1b. For example, the binding energy per 
particle of the lithium 7 nucleus sLi^ is 5.6 MeV. Since 
lithixim 7 has seven particles in the nucleus, the total bind- 
ing energy is 5 . 6 - 7 or 39 . 2 MeV, while the incident proton 
has no binding energy. The total binding energy of each a 
particle (He** nucleus) is 28.3 MeV; a total of 56.6 iMeV for 
the two a particles. Since the nucleons in the product 
fragments are more tightly bound by 5 6.6 — 39.2 = 17.4 MeV, 
there will be 17.4 MeV of energy released in the reaction, 
appearing as kinetic energy of the fragments. This checks 
with the increase in kinetic energy found experimentally. 

Analysis of many nuclear reactic verifies the general 
rule: When the total binding energy of the products exceeds 
that of the reu ctants , energy is liberated . That is, when- 
ever the products of a nuclear reaction lie higher on the 
average binding energy curve, they have greater binding 
energy per particle and so energy is released in their 
fo rmation. 

The shape of the average binding energy curve indicates 
that there are two general processes which can release energy 
from nuclei: combining light nuclei into a more massive 
nucleus, or splitting up heavy nuclei into nuclei of medium 
mass. In either process the products would have greater 
average binding energy, so energy would be released. A 
process in which two nuclei join together to form a heavier 
nucleus is called nuclear fusion . A process in which a 
heavy nucleus splits into fragmen\s of intermediate mass is 
^^^^^^ nuclear fission . Both fusion and fission have been 
shown to occur. Both procescea can be made to take place 
slc/7ly (as in a nuclear power plant) or very rapidly (as in 
a nuclear explosion). 
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Would breaking very heavy nuclei up into very light nuclei 
result in the liberation of energy? 
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24.5 Nuclear fission; discovery . The discovery of nuclear fission 
IS an example of an unexpected result of great practical im- 
portance, obtained du-ing the course of research carried on 
for reasons having nothing to do with the possible usefulness 
of the discovery. It is also an excellent example of the 
combinea use of physical and chemical methods in nuclear re- 
search. After Joliot and Curie showed that the products of 
nuclear reactions could be radioactive, Fermi and his col- 
leagues in Italy undertook a systematic study of nuclear 
reactions induced by neutrons. One of the purposes of this 
research was to produce new nuclides.- Indeed, many new 
radioactive nuclides were made and their half-lives were 
determined. The kind of nuclear reaction used most success 
fully in this study was the capture of a neutron with the 



A few of the problems encoun- 
tered by Fermi in his work on 
these reactions were related in 
the Prologue to Unit 1. 

Samrmrtj SJ^.S 

Nuclear -f/csidn discovered 
UnrvtAQh experirwritattdn involvincj 
iPie iombardm:nt of uranium 



emission of a y ray as discussed in Sec. 23.7. For example, ^^rtfn nevtrcnS an attempt lb 
when aluminum is bombarded with neutrons, the following re- -pOW ft meWy heOVier eiemci^. 

action occurs: 



1 3 



,\1 



27 , 



I3AI 



2 8 



+ Y 



Aluminum 28 is radioactive with a half-life of 2.3 minutes 
and decays by 6 emission into silicon: 



1 3 



Al 



28 



S. Ihe ccr^ure of a neutnpn bu a 
urwiium nucleus :^metimes leo^b 
to *fi$su>n and Sometimes ib ^ 
dacau^Tfie^ decani of uromium 
vy« -^Mrd id vesuHi in ifie -pr- 

elemerSs y neftumarn ffUJiniml 



As a result of the two reactions a nuclide is produced with 
values of Z and A each greater by one unit than those of the 
initial nucleus. Fermi thought that if uranium (the atomic 
species having the largest known value of Z) were bombarded 
with neutrons, a new element might be formed by the 6 decay 
of the heavier uranium isotope: 



on^ + 92U 



2 38 



920^^^ + Y 



92U 



^39 
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If the new nuclide denoted by 93 (?)^^^ were also to emit a 



93(?)'^^ 



( 



In this way, twc> new elements might be produced (with Z = 93 
and 94). If these reactions could be made to occur, the re- 
sult would be the man-made production of an element, or ele- 
ments, not previously known to exis'. — transuranium elements . 

Fermi found in 1934 that the bombardment of uranium with 
neutrons actually producec several new half-lives in the 
target; these were attributed to traces of new-formed trans- 
uranium elements. 
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By bombarding heavy elements 
with a variety of particles 
It has been possible to create 
artificially a series of trans- 
uranium elements. Those ele- 
ments,. up to 2 = 103, are listed 
below. A tiny sample of one 
of them, curium 244 — dissolved 
in a test tube of \;ater, is 
btvjwn in the 5 -minute expo- 
sure above. 



9,U 

9 3NP 
0 i^Pu 

9 5Am 
9 oCm 
9 7Bk 

9 9ES 

lOiMd 
102N0 

1 Q 3LW 



Uranium 
Neptunium 
Plutonium 
Ar.ier icium 
Curium 
Berkelium 
Cdli f ornium 
Einf teinium 
Fermi um 
Mende levium 
Nobe lium 
Lawrenciuii\ 



The results aroused iruch interest, and m the n xt fivo 
years a number of workers experimented with the neutron boir.- 
bardment of uraniun*.. Many different radioactive half-lives 
were discovered, but attempts to identify these half-lives 
with particular elements led to great confusion. The methods 
used were similar to those used m the study of the natural 
radioactive elements. A radioactive nuclide fonped in a 
nuclear reaction is usually present m the target area only 
in an extremely small amount, possibly as little as 10"^ 
grams, and special techniques to separate these smell quanti- 
ties had to be developed. 

The reason for the confusion was found early m 1939 when 
Otto Hahn and Fritz Strassmann, two German chemises, showed 
definitely that one of the supposed transuranium elements was 
actually rn isotope of barium (s^Ba^^*^), idenuiTied by its 
half-life of 86 minutes and its chemical behavior. Another 
nuclide resulting from the neutron bombardment of uranium was 
identified as lanthanum (^vLa^'*^) with a half-life of 40 
hours . 

The production of the nuclides 56Ba^^^ and c^yLa^^^ from 
uranium, which has the atomic number 92 and an atomic mass of 
nearly 240, required an unknown kind of nuclear reaction in 
which the uranium nucleus is split almost in half. If such 
a process really occurred, it should also be poGsible to find 
"the other half," chat is, to find nuclides with mass between 
90 and 100 and atomic numbers of about 35. Hahn and Strass- 
mann were able to find a radioactive isotope of strontium 
(Z = 38) and one of yttrium (Z = 39) which fulfilled these 
conditions, as well as isotopes of krypton (Z = 36) and xenon 
(Z = 54) . It was clear from the chemical e^'idence that the 
uranium nucleus, when bombarded with neutrons, can indeed 
split into two nuclei or interrr.ediate atomic mass. 

Although Hahn and Strassmann showed that isotopes cf inter- 
mediate mass did appear, they hesitated tc state the conclu- 
sion that the uranium nucleus could be split into two large 
parts. In their report dated January 9, 1939, they said: 

On the basis of these oriefly presented experiments, 
we must, as chemists, really rename the previously of- 
fered scheme and set the symbols Ba, La, Ce m place 
of Ra, Ac, Th. As "nuclear chemists" with close ties 
to physics, we cannot decide to make step so contrary 
to all existing experience of nuclear physic*?. After 
all, a series of strange coincidences may^ perhaps, have 
led to these results. 

The step which Hahn and Strassmann could not bring them- 
selves to take was taken on Janudry 16, 1939 by two Austrian 
physicists, .Miss Lise Meitnei and Otto R. Fris^h. They 
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Schematic diagram represent. ing 
uranium fission. 



Lise Meitner and Otto Hahn 



suggested that the neutron initiated a decomposition of the 
uraniuL. nucleus into "two nuclei of roughly equal size," a 
process which they called "nuclear fission" after the divi- 
sion, or fission, of a living cell into two parts. They pre- 
dicted that the fragments would have great kinetic energy and 
would be radioactive. The predictions of Meitner and Frisch 
were soon verified experi.T^entally . Shortly afterward, it was 
found that transuranium elements also are formed when uranium 
IS bombarded with neutrons. In other words the capture of a 
neutron by uranium sometimes leads to fission, and sc cintes 
leads to 6 decay. The B decay results in the formation of 
isotopes of eltn\ents of atomic number 93 and 94 — later named 
neptunium and plutonium . The mixture of the two types of 
reaction, fission and neutron capture, followed by S decay, 
was responsible for the difficulty and confusion m the 
analysis of the effects of bombarding uranium with neutrons. 
The experiments opened two new fields of scientific ^nc?eavror: 
the physics and chemistry of the transuranium elements and 
the study and use of nuclear fission. 

The discovery of nuclear fission inspired research workers 
all over the world and much new information was obtained 
within a short time. It was found that a uranium nucleus, 
after capturing a neutron, car split into one of more than 
40 different pairs of fragments. Radiochemical analysis 
showed that nuclides result with atomic n^umbers from 30 to 
6^ and with mass numbers from 72 to 158. Neutrons also are 
emitted in fission; the average number of neutrons emitted is 
usually between 2 and 3.. (Under appropriate conditions these 
neutrons can, in turn, cause fission m neighboring uranium 
atoms, and a process known as a chain reaction can develop m 
a sample of uranium.) The following reaction indicates one of 
the many ways in which a uranium nr^leus can split: 




Lise Meitner, born in Austt'ia, 
ioined Otto Hahn in 1908 in a 
- crsearch collaboration that 
'asted thirty years. In 1938, 
fliss Meitner was forced to 
leave Germany. She was in 
Sweden when she published the 
first report on fission with 
her nephew, 0. R, Frisch. 




92 



U235 



■seBa 



1 4 1 



+ 36Kr^2 + 3 on^ . 



Otr.o Frisch 
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The nuclides 5583^ and aeKr^^ ^^e not found in nature and 
are not stable; they are radioactive and decay by S emission. 
For example, ce^a^^*^ can decay into t^^Pr^^^ by successive 
emission of three S particles, as shown by the following 
scheme (in which the numbers in parentheses are the half- 
lives) : 



1 41 



(18 min) 



(3.6 hr) 



(32 days) 



1 u 1 



Similarly, s^Kr^^ is transformed into ^q* 
sive B decays. 



.02 



by four succes- 



Plutonium 239 (9i,Pu2 3 9) ig 
produced by the capture of a 
neutron by 92^^^^^"*^ the sub- 
sequent emission of two B par- 
ticles, as discussed on p. 89. 



I Ccritror of a ^ssibn readion 



Only certain nuclides can undergo fission. For those 
which can, the probability that a nucleus will split depends 
on the energy of the neutrons usea in the bombardment. The 
nuclides 92^235 ^^d 9^Pu239 can undergo fission when bombarded 
with neutrons of any energy, from a small fraction of an 
electron volt, say 0.01 eV or less, up. On the other hand, 
0^3 8 Th2 32 undergo fission only when bombarded with neu- 

trons having kinetic energies of 1 MeV or more. The latter 
nuclides, which have even 2 and even A, are less likely to 
undergo fission than are uranium 235 and plutoni»am 230 which 
have even 2 and odd A. Such information is very helpful in 
dcjpQnds on ^fie hoianc^ b^WWn^^"^"^ construct the nuclear models to be discussed in 

Yxexj^xon yrod\A(^cir\ and loss. 24.11, 12. 

S Hod^fvAbrs ay^ ilSeJi "^^^ energy released in the fission reaction is about 200 

Yeducma ihe. enerau of ike ^his value can be calculated either directly from the 

-f^ast" Vl^l/dh/n& ^ Sioii nziiSron^ atomic masses or from the average binding energy curve of 

have, a (yedSer prvbohtldl^ ©p Fig- 24.1b. The energy release Is much lar^^er than in the 

IpfOntotiHb^ ^t^ion. more common nuclear reactions (usaally less than 10 MeV). 

3, Jjqht muclei aksarb erterau '''"^ ^o^^^-ation of the large energy release in fission and 
from neutrvns in fewer C^ftelcSs possibility of a chain reaction is the basis of the 

#tart do heavu ntide). osrui 

4^ ConlroL of a chnn reac^dn 
also usuallu Involves a mabrial 
whc€e mdiei ahcorb neiJlrons. 



large-scale use of nuclear energy. 



Q5 What two reactions resulted In the appearance of a transuranium 
element? 

QG What product of fission makes a chain reaction possible? 



F54.: 'Fssston 
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24.6 Nuclear fission: controlling chain reactions . For a chain 
reaction to continue at a constant level, it is necessary 
that there bs a favorcible balance between the net produc- 
tion of neutrons by fissions and the loss of neutrons due 
to the following three processes: 

(1) capture of neutrons by uranium not resulting in 
fissions ; 

(2) capture of neutrons by other materials; 

(3) escape of neutrons without being captured. 
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If too many neutrons escape or are absorbed, there will not 
be enough to sustain the chain reaction. If too few neutrons 
escape or are absorbed, the reaction will build up. The 
design of nuclear reactors as energy sources involves 
finding proper sizes, shaoes , and materials to maintain a 
balance between neutron production and loss.^ 

Since tha nucleus occupies only a tiny fraction of an 
atom's volume, the chance of a neutron's colliding with a 
uranium nucleus is small and a neutron can pass through 
billions of uranium (or other) atoms while moving a few 
inches. If the assemblv is small, a significant percent- 
age of the fission neutrons can escape from the assembly 
without causing further fissions. The leakage of neutrons 
can be so large that a chain reaction cannot be sustained. 
If the assembly is Tiade larger, a smaller percentage of 
the neutrons escape, or leak out: if the assembly were 
infinitely large, this fraction v;ould approach zero. 
For a given combination of materials — uranium and other ma- 
terials which may be needed — there is a size, called the 
critical size , for which the net production of neutrons by 
fission is just equal to the loss of neutrons by nonfission 
capture and leaka^. If the size of the assembly is smaller 
than this critical size, a chain reaction cannot be sus- 
tained, '^he determination of the materials and their arrange- 
ment with which a reasonable critical size can be obtained 
IS an important part of research in the new field of "nuclear 

U>^^ : Critical size 

engineering . " 

Another important problem in the design of nuclear reactoi%^ 

^^er terms odso ore. usedi ml^K 
arises from the fact that fission is much more probable when ^ -^^ -c- • irus 

contnecuon . Tor a qiv&i shof^e e a 
U^^^ IS bombarded with slow neutrons than wher it is bombardegi epha^^ tPiev^ iJ/tf ba o S-hcaL 
with fast neutrons. Although nuclear reactors can be bUxlt yrtOSS ^ and ^CT a ^VCrx moss lhert 
in which the fissions are induced by fast neutrons, it has Will be U crrftcaL ^^^Wlgfrtj 
been easier to build reactors in which the fissions are in- ^nv^/v^/Vrg Shape, and./ Or Ihe'poSiton 
duced by slow neutrons. The neutrons released in fission ^Several components X SQ Sl^^AO 

K?r(nos lhes€ issuer ur) 

have kinetic energies from about 0.01 MeV to nearly 20 MeV, ^ ^ v ^. 

with an average kinetic energy of about 2 MeV. The fast fis- 
sion neutrons can be slowed down if the uranium is mixed with 
a material to which the neutrons can lose energy in collisions. 
The material should be relatively low in atomic mass so that 
the neutrons can transfer a significant fraction of their en- 
ergy in elastic collisions; but the material should not ab- 
sorb many neutrons. Carbon in the form of graphite, and also 
water, heavy water and beryllium meet these requirements. 
These substances are called moderators because they slow 

down— moderate— the newly produced neutrons to energies at see "Success" in Project Physics 

which the probability of causirg additional fission is high. Reader 6. 
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A schematic diagram of the begin- 
ning of a chain reaction. The 
nucleus In the center has fis- 
sioned into 2 parts, releasing 
gainma rays and neutrons. Some 
of the neutrons are capturea by 
other nuclei, promoting further 
fissioning with the accompanying 
release of more neutrons.... and 
so on . 
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Fig. 24.2 Schematic diagram of 

processes in a nuclear reactor. 'Mcpee^roK. ^Ji.L > 

T ^ ^ c 

^ o ^ — ^os: 

* €) €) v^- jv 

Hydrogen atoms m water are very effective m slowing down 
neutrons because the mass of a hydrogen nucleus is nearly the 
same as that of a neutron and because the number of hydrogen 
atoms per unit volume is high. A neutron can lose a large 
fraction of its energy in a collision with a hydrogen nucleus 
and only a^out 15 to 20 collisions are needed, on the average, 
to slow down the neutron to energies of 1 eV or less. How- 
ever, the use of hydrogen has the disadvantage that the proba- 
bility of the reaction 

iHl + on^ ^ iH^ + Y 

IS large enough so that too many neutrons may be absorbed by 
the hydrogen. In fact, it has been found impossible to 
achieve a chain reaction with natural uranium and water.. 

On the other hand, the absorption of a neutron by a deu- 
Heavy water: (H^)20, or D2O. terium nucleus m heavy water 

iH^ + ^ Vr' + Y 

has an extremely small probability. A chain reaction can 
therefore be achieved easily with natural uranium and heavy 
water. Reactors with natural uranivur as the fuel and heavy 
water as the moderator have been built in the United States, 
Canada, France, Sweden, Norway and other countries. 

The contrast between the nuclear properties of hydrogen 
and deuterium has important implications for the development 
of nuclear reactors. Heavy water (D2O) is much more expensive 
than ordinary water (H2O) but, when it is used with natural 
uranium (mostly U^^^) a chain reaction can be achieved effi- 
ciently. Ordinary water can be used, nonetheless, if urani- 
um enriched in the isotope U^^^ is used instead of natural 
uranium. Many reactors "fueled" with enriched uranium and 
with ordinary water have been built in the United States. In 
fact, this general reactor type has been used in nearly all 
the large nuclear power plants built so far and in the re- 
^2 actors used in nuclear-powered submarines. 
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Carbon m the form of graphite has been used as a moderator 
in many reactors, including the earliest ones. It is not as 
good a slowmg-down agent as water or heavy water: about 120 
collisions with carbon atoms are needed to slow fission neu- 
trons with an a/erage energy of 2 MeV to the energy of about 
0.025 eV desired; in heavy water only about 25 collisions are 
needed, and in water about 15 .> Although carbon in the form 
of graphite is not the best moderator and absorbs some neu- 
trons, it does permit a chain reaction to occur when lumps of 
r.atural uranium (cylindrical rods, for example) are suitably 
arranged in a large me^.s of graphite. The rods must be of 
appropriate size and must be suitably spaced throughout the 
graphite. The determination of just how this could be done 
was one of the main problems that had to be solved before 
the first chain reaction could be achieved, in 1942 at the 
University of Chicago. Many graphite-moderated reactors are 
now in operation throughout the world. 

The control of a reactor is relatively simple. If fission 
is occurring too frequently a few "control" rods are inserted 
into the reactor. The rods consist of a material (such as 
cadmium or boron) that absorbs slow neutrons, thereby reducing 
the number of neutrons in the moderator. Removal of the con- 
trol rods will allow the reaction to speed up. lig. 24.2 is 
a schematic diagram of the main processes that occur in a nu- 
clear reactor m which uranium is the fi -'enable material. 

What is a '*moderator ?" 

08 What is an advantage and a disadvantage of using water as 
a moderator in nuclear reactors? 




The west wall of the football 
stands of Stagg Field.^ Squash 
courts under these stands were 
used as the construction site of 
the first nuclear reactor.^ Be- 
low is an artist's sketch of tha 
graphite-moderated reactor as it 
first became self-sustaining.. 



It was essentially an applied 
engineering problem rather 
than a research problem in 
physics. Analogous work was 
known to be in progress in 
Nazi Germany 

SummocTiA 3.4* ."7 

Nuclear enema c<m foe 
rete^f-cL ciuickur^ as in -fhe 
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9, Nuclear explosions /temldie off 
^eu a\re. in hhst olom ar^ 
made. eue4X irrtone de&ru{dti\^ 
btj IheyaU oat"" cf rodihactive^ 
dehris. 

3. TFie use cf coriMed fission 
as a S0UVC2 cf heat e^ner^u hos 
lea -finalltj fo ppxciicdl commer- 
cial powtr <Bmi6ns. 

4.. ]/iial fn^blems concerning 
l^te use of nuclear enemu 
rec^yre a well xr^med (^izenr^ 



Scientists have been prominently 
involved in activities to alert 
their government and fellow 
citizens to the moral and prac- 
tical problems raised by the 
nuclear weapons race* 
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24.7 Nuclear fission; large-scale energy relea s e and some of 
its consequences . The large-scale use ot *\uclear energy 
m chain reactions was accomplished in the United States 
between 1939 and 1945. The work was done under the pres- 
sure of World War II, as a result of tne cooperative 
efforts of large numbers of scientists and engineers. 
The workers m the U.S. included Americans, Britons and 
European refugees from fascist-controlled countries. 
The energy was used in two forms: in the so-called atomic 
bomb, in which an extensive chain reaction occurs in a 
few millionths of a second; and in the nuclear reactor , 
in which the operating conditions are so arranged that 
the energy from fission is released at a much slower and 
steadier rate. In the nuclear reactor the fissionable 
n.aterial is mixed with other materials in such a way that, 
on the average, only one of the neutrons emitted in fission 
causes the fission of another nucleus; in this way the 
chain reaction just sustains itself. In a nuclear bomb 
the fissionable material is unmixed (that is, pure) and 
the device is designed so that nearly all of the neutrons 
emitted in each fission cause fissions in other nuclei. 

Nuclear reactors were used during World War II to manu- 
facture Pu2 39 from U2 38, They were designed in such a way 
that some of the neutrons from the fission of U^^^ were 
slowed down enough so that they would not cause fission of 
U2 38 t)ut, instead, were absorbed by the U2 38 to form Pu^^e 
through the reactions described in the previous section. A 
single nuclear bomb, using U^^s^ destroyed the city of 
Hiroshima, Japan, on Argust 6, 1945; another bomb, using 
94Pu2 39^ destroyed the city of Nagasaki three days later, 
just prior to the surrender of Japan and the end of World 
War II. 

Since the end of World War II in 1945, the use of 
nuclear energy from fission has been developed in two 
different directions. One direction has been military. 
Other countries besides the United States have made nu- 
clear weapons, ramely, the United Kingdom, the Soviet 
Union, France, and China. The enormous death-dealing 
capability of these weapons and the ever-larger numbers 
of bombs that have been accumulating have increased and 
made more dangerous the tension throughout the world and 
have emphasized the need for the peaceful settlement of 
international disputes. 

One incidental problem has been that of the radio- 
active fallout from bomb tests. The explosion of a nu- 
clear bomb liberates very large amounts of radioactive 
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materials. These materials can be blown by winds from 
one part of the world to anol.her and carried down from 
the atmosphere by ram or snow. Some of the radioactivi- 
ties are long-lived; the materials may be absorbed in 
growing foodstuffs and eaten by animals and people. It 
is known that under certain conditions radioactive ma- 
terials can cause harmful genetic effects as well as 
somatic effects. One of the most abundant and long-lived 
products of the fission of U^^^ and Pu^^^ is strontium 90 
(aeSr^^) . This isotope of strontium is similar to 20^^^^ 
in its chemical properties. Hence when Sr^^ caken into 
the body/ it finds its way into bone material . It decays 
by emission of 0.54-MeV 6 particles (half-life = 28 years). 
If present in large quantities it can cause leukemia, 
bone tumor, and possi) Ly other forms of damage, particu- 
larly in growing children. There has been much research 
and discussion of the possibility of damage to present 
ari future generations. As a result, the United States, 
th'' United Kingdom, the Soviet Unic » ano most other nations 
agreed, in 1963, to a moratorium on further bomb tests 
in the atmosphere. 

The second direction in which the use of nuclear energy 
has been pushed on a large scale has been in the production 
of electrical power from the energy released in fission. 
The increasing need for electrical energy is an important 
aspect of modern life. The amount of electricity used in 
an advanced industrial country, such as the United States, 
has been doubling approximately every ten years since 
about 1900. Although there are still large supplies of 
coal, oil and natural gas, it is evident that additional 
sources of energy will be needed, ana nuclear energy from 
fission can fill this need. 
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A technician checking milk 
samples for radioactivity. 



Genetic effects of radiation: ef- 
fects producing changes in cells 
which will affect offspring of 
exposed individual. 

Somatic effects: all effects 
caused by radiation to an in- 
dividual during his lifetime. 



Siie "The Nu .lear Energy Revolu- 
tion" in Project Physics Reader 6* 



In almost all present systems of nuclear powe.. produc- 
tion, the reactor is a source of heat for running stecim 
turbines; the turbines drive electrical generators just 
as they do in conventional power stations. 
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These photographs illustrate one type of com- 
mercial installation for converting the heat 
energy from a fusion chain reaction into elec- 
trical energy. The sceel "drywell" at the 
left is the housing for the nuclear reactor at 
the Nine Mile Point generating station, near 
Oswego on Lake Ontario. Just abov^e, the re- 
actor vessel is shown being lowered into the 
drywell. A later stage of construction is 
shown at the top. The cutaway drawing shows 
the reactor, turbine-generator and other com- 
ponents of a similar installation: the Dresden 
nuclear power station at Jollet, Illinois. 



See "A Report to the Secretary of 
War," •'Twentieth Birthday of the 
Atomic Age" and "Calling All Stars" 
in Project Physics Reader 6. 



Below is shown a model of a nu- 
clear power and desalting plant 
to be built on a man-made island 
off the coast of southern Cali- 
fornia. It will generate elec- 
tricity at the rate of 1.8 mil- 
lion kilowatts and also produce, 
by distillation, 150 million 
gallons of fresh water daily. 
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For a variety of reasons, some administrative and some 
technical, but mostly connected with the "Cold War" that 
started after World War II and intensified during the 
early fifties, the U. S, Atomic Energy Commission (AECJ 
did not emphasize applied research on nuclear-electric 
power systeris until President Eisenhower so directed m 
1953. By that time America's first experimental breeder 
reactor (EBR-1) had demonstrated for two years in Idaho 
that electric power could be produced in significant 
amounts while simultaneously producing plutoniura fron the 
U^3 8 blanket around the neutron-and energy-producing core. 

Not until fully twenty years after the Manhattan Project 
reached its goals could one say that the age of nuclear- 
electric generation of power had arrived. Nuclear energy 
sources became economically competitive with hydroelectric 
and fossil-fuel sources in the early 1960 *s when costs per 
kilowatt-hour were reduced to as low as one-half cent. In 
1966 there were 29 contracts for construction of large 
nuclear power reactors in the United States alone. This 
commitment represented more than half of the total new 
power plant construction in the United States. The British 
and French also successfully used reactors to generate com- 
mercial electric power. Thus there finally are strong 
reasons for optimism concerning new sources of energy. 

Such new sources were clearly needed, for along with 
the population explosion, the depletion of fossil fuels 
and the falling water table, an energy shortage threatened 
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to limit mankind's future development. Power reactors, 
now entering a third generation of development, show def- 
inite promise of being able to desalt sea water economi- 
cally, to convert atmospheric nitrogen into powdered fer- 
tilizers, and to make fluid fuels from hydrocarbons in low- 
grade coal. If all this can be done cheaply enough with 
breeaer reactors that produce at least as much fissionable 
material as they "burn," then indeed the war-born nuclear 
technology at last can have the beneficial impact on all of 
human society that is so desperately needed. 

I' the meantime r the social costs of 'one nuclear e^eray 
revolution have already been very high — in human lives, 
money, and in the anxiety of life under the threat of nu- 
clear war. In some ways these are analogous problems to 
the human price of industrialization after the development 
of the steam engine (Unit 2). At the same time, the poten- 
tial benefit to man is great. As in the past, the decisJcms 
that will be necessary in the future development of nuclear 
power cannot be made on the basis of physics alone. Science 
can illuminate alternatives, but it cannot and should not 
be used by itself to choose among them. Responsible scien- 
tific ooinion must be supplemented by political insight and 
a broad humanistic view of society. But at the very least, 
responsible citizens must have some understanding of the 
scientific principles that will underlie the alternatives 
among which they must choose. 



A blast of hydrogen exhaust 
(above) from an experimental 
nuclear rocket engine (below). 




Among the many problems for 
public policy raised by devel- 
opments in nuclear power is the 
Plowshare program of the A.E.C. 
The crater at the left was part 
of Plowshare' s research into 
creating lakes, harbors and sea- 
level canals between oceans by 
the Use of thermonuclear explo- 
sions. 



Chronology of Developments in Nuclear Science and Technology 



1896 Becquerel discovers unstable 
^ radioactive) atoms . 

1899 Isolation of radium by Curies • 

1905 Einstein announces equiva- 
lence of mass and energy. 

1911 Rutherford discovers nucleus. 

1919 Rutherford achieves trans- 
mutation of one stable chemi- 
cal element (nitrogen) into 
another (oxygen) . 

1920" Improved mass spectrographs 
1925 show that changes in mass per 
nuclear particle accompanying 
transmutation account for en- 
ergy released by nucleus. 

19 31 Lawrence and Livingston con- 
struct first cyclotron. 

1932 Chadwick identifies neutrons. 

1939 Evidence of uranium fission 
by Hahn and Strassmann, iden- 
tification ot fission products 
by Meitner and Frisch. 

1940 Discovery of neptunium and 
Plutonium (transuranium ele- 
ments) at the University of 
California . 

1942 Achievement of first self- 
sustaining nuclear reaction, 
University of Chicago. 

1945 First test of an atomic de^' 
at Alamagordc, New Mexico, 
followed by the dropping of 
atomic bombs on Hiroshima and 
Nagasaki, at the end of World 
War II . 

1946 President Truman signs the 
bill creating the U.S. Atomic 
Energy Commission. 

First shipment of radioactive 
isotopes from Oak Ridge goes 
to hospital in St. ^ouis, 
Missouri . 

1951 First significant amount of 
electricity (100 kilowatts) 
produced from atomic energy 
at testing station in Idaho. 



1952 First detonation of a hydrogen 
bomb, Eniwetok Atoll, Pacific 
Ocean. 

195 3 President Eisenhower announces 
U.S. Atoms-f or-Peace pi'ogram 
and proposes establishment of 
an international atomic energy 
agency . 

1954 First nuclear-powered subma- 
rine. Nautilus , commissioned. 

1955 First Univ2<l Nations Interna- 
tional Co^ r«;rence on Peaceful 
Uses of Atomic Energy held in 
Geneva , Switzerland. 

1956 First commercial power plant 
begins operation at Caider 
Hall, England. 

1957 Shippingport Atomic Power 
Plant in Pennsylvania reaches 
full power of 60,000 kilowatts. 

International Atomic Energy 
Agency formally established. 

1959 First nuclear-powered merchant 
ship, the Savannah , launched 
at Camden, New Jersey. 

1*^61 A radioactive isotope-powered 
electric generator placed in 
orbit, the first use of nuclear 
power in space. 

1962 Nuclear power plant in che 
Antarctic becomes operational 

1963 President Kennedy ratifies the 
Limited Test Ban Treaty for 
the United States. 

1964 President Johnson signs law 
permitting private ownership 
of certain nuclear materials. 

1966 Beginning of the rapid develop- 
ment of nuclear power plants in 
the U.S. 

1968 "Non-proliferation" agreement , 
signed by the United States, 
the Soviet Union and other 
countries, limiting the number 
of countries possessing nuclear 
weapons . 
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24.8 Nuclear fusion . Fusion reactions have been produced in the 
laboratory by bombardxng appropriate targets with, for ex- 
ample, high-energy deuterons from a particle accelerator. In 
these reactions energy is liberated, as expected. Some typ- 
ical examples of fusion reactions, together with the energy 
liberated in each reaction, are: 



+ Jl2 



+ jH^ + 4 Mev, 
2He3 + on^ + 3.3 MeV, 



+ jH3 ^ 2He'* + on^ + 17.6 MeV, 

+ 2He3 ^2"e'* + + 18.3 MeV. 



Summarij ^ 4'- ^ 

Ifxe, ^m^^nerxdcv^ ^^^^^ releasu 
HidEr would rissutt from trie 
oMiroHed fusiorx of 1r\tium and 
deutenum nuclei has rtdt yet" 
i^een e^ploifahle. line difftculfiy 

f>locma Yeqjiitred ^or fusicri. 



In the first of the above equations, one product nucleus is 
an isotope of hydrogen, called tritium, with mass number 
A = 3; it is radioactive wJth a half -life of about 12 years 
and it decays by beta emission into 2^^^ t an isotope of 
helium. When a target containing tritium is bombarded with 
deuterons, 2^6** can be formed, as in the third equation 
above, liberating 17.6 MeV of energy. Of this energy, 14.1 
MeV appears as kinetic energy of the neutron and 3.5 MeV as 
kinetic energy of the a particle. 

The fusion of tritium and deuterium offers the possibility 
of providing large sources of energy, for example, in elec- 
tric power plants. Deuterium occurs in water with an abun- 
dance of about one part in seven thousand of and can be 
separated from the lighter isotope. One gallon of water con- 
tains about one-eighth of a gram of deuterium which can be 
separated at a cost of about 4 cents. If this amount of 
deuterium could be made to leact with tritium under appropri- 
ate conditions, the energy output would be equivalent to that 
from about 300 gallons of gasoline. The total amount of deu- 
terium m the oceans is estimated to be about 10^^ kilograms, 
and its energy content would be about 10^^ kilowatt-years. 
If deuterium and tritium could be used to produce energy, 
they would provide an enormous source of energy. There are^ 
however, some difficult problems to be solved, and some of 
these will be discussed briefly. 

The nuclei which react in the fusion processes are posi- 
tively charged and repel one another because cf t'.e repulsive 
electric force. The .nuclei must, therefore, be made to col- 
lide with a high relative velocity to overcome the repulsive 
force tending to keep them apart. Experiments have shown 
that this can occur when the particles have kinetic energies 
of about 0.1 MeV or more. The nuclei must also be confined 
in a region where they can undergo many collisions without 



Although the energy liberated 
in a single fusion is less than 
in a single fission, the energy 
per unit mass is ir-jcH greater. 
About 50 helium atoms are needed 
to equal the mass of 1 uranium 
atomj 50 x 17.6 MeV is 1040 
MeV — compared to 200 MeV for a 
typical fission. 
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escaping, being absorbed by the walls boundmcj the ro.jion or 
losing energy by collisions Mth cooler molecules. There 
must be enough collisions per unit time so tnat fusion can 
occur at a rate that will yield more energy than tnat needed 
to cause the collisions. The combination of tnese require- 
ments means that the nuclei must be contained at a tempera- 
ture of the order of 100 millicn degrees. 

Plasma: ionized gas in which At the temperatures required for fusion, the atoms have 

positively and negatively » ^ ^ . , 

charged particles move about ^^^"^ Stripped of their electrons, and the resulting nuclei 



freely. 



and separated electrons are said to form a plasma . No wall 
made of ordinary material can contain a hot plasma at lO^^K 
(the wall would be vaporized instantly!). But the charged 
particles of a plasma could, in theory, be contained m an 
appropriately designed magnetic field. The first problem to 
be solved, therefore, is to contain the plasma of deuterium 
and tritium nuclei in a magnetic field, while accelerating 
the nuclei by means of an electric field to the required 
kinetic energy (or temperature) . The rate at which the fu- 
sion reactions occor must also be regulated so as to produce 
energy which can be converted to electrical energy. These 
problems have not yet been solved on a practical scale, but 
research on them is being carried on m many countries. There 
is considerable international cooperation in this research, 
including visits of research teams between the United States, 
Britain and the U.S.S.R. Although the effort and expense are 
great, the possible pay-off m terms of future power resources 
is enormous. 



M demonstration model of a 
"Stellarator." The figure- 
eight shape enables strong 
magnetic fields to contain 
a continuous plasma stream 
in which a controlled fusion 
reaction might occur. 



(t9 Why are very high temperatures required to cause fusion 
reactions? 

Q10 How could extremely hot gases be kepc from contacting the 
wall of a container? 
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24.9 Fusion roactions in s tars. One of the most 'ascinatmg 
aspects of nuclear ohvsics is the study of the sources of 
tlie energy o: different types of stars. Let us take the 
sun as an example. In the sun th.e fusion process involves 
the production of a heliup nucleus from four protons. 
The net results of the reactions can be written as: 



4 ,hJ 



^He^ 



+ 2 . 



+ 26 MeV. 




Pen (iraAiUtt; by Vincent v.in 



The reaction does not take place m a single step but can 
proceed through different paths of sets of reactions whose net 
results are summarized in che above equation; the amount of 
energy released is 26 MeV. The fusion of four protons into 
a helium nucleus is the mam source of the energy of the sun. 

Chemical reactions cannot provide energy at large enough rates Sun?mcKr(j^ p?4-.^ 
(or for long enough duration!) to account foi energy produc- . ^trent^Cj hi'c^h i^mpera 
tion in the sun, but nuclear fusion reactions can. Hydrogen 
and helium together make up about 99 percent of the sun's 
mass, with approximately twice as much H as He, so there is 
plenty of hydrogen to supply the sun's energy for millions 
of years to come. 

The possibility that four protons could collide to form a 
helium nucleus has been ruled out because the probability for 
such a reaction under solar conditions is too low to account 
for the amount of energy released.. It now seems more likely 
that the four protons \rp formed into a helium nucleus in 
several st€ps, that is, by a series of nuclear reactions. We 
shall mentLOn briefly on^ such series. When the temperature 
reaches ab'>ut lO^^K, the kinetic energies are large enough 
to overcome the eler^r^c repulsion between protons, and fusion 
of two protons (,ri^) takes placa. The nuclear reaction re- 
sults in a deuteron (iH^), a positron (^ie°) and a neutrino. 
As soon as a deuteron is formed, it reacts with another proton 
resulting m heliur.i 3 (aHe^) and a y ray. The helium 3 nuclei 
fuse with each other forming a particles and two protons. In 
each of these reactions energy is released, resulting in 26 
MeV for the complete cycle of four protons forming a helium 
nucleus . 



ike Y^kon-pydibn Yeoctf^ng 

fusion. Ifierryroyiudiear expiosioyv^ 
resuii when a. -pssrbr? reaction 
iricfafes" a -fusion ymac^n. 



One form of proton-proton fusion 
chain which releases energy in 
stars : 



The rates of the reaction depend on the number of nuclei 
per unit volume and on the temperature; the higher the tem- 
perature, the faster the thermal motion of the particles and 
the more frequent and energetic the collisions. At the tem- 
perature of the sun's interior, which has been estimated to 
be 10 to 20 million degrees, the kinetic energies resulting 
from the thermal motion are m the neighborhood of 1 KeV. 

Man has been able to achieve the release of large amounts 
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See "Power from the Stars" in 
Proiect Physics Reader 6. 
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of energy by means of fusion processes in thermonuclear ex- 
plosions, such as hydrogen bombs. A hydrogen bomb consists 
of a mixture of light elements with a fission bomb. The lat- 
ter acts as a fuel that initiates the fusion of the light 
elements. The explosion of a fission bomb produces a temper- 
ature of about 5 X lo^o K, which is sufficiently high to make 
fusion possible. The fusion reactions then release additional 
large amounts of energy. The total energy release is much 
greater than would be liberated by the fission bomb alone. 



Q"*"* Is the ratio of the amount of hydrogen to the amount of helium 
in the sun increasing or decreasing? 



24.10 The strength of nuclear forces . The large energies involved 
in nuclear reactions, a million or more times larger than 
the energies involved in chemical (molecular) reactions, in- 
dicate that the forces holding the nucleus together are very 
much stronger than the forces that hold molecules together. 
Another clue to the magnitude of nuclear forces is the den- 
sity of a typical nucleus. The work of Rutherford and his 
colleagues on the scattering of a particles showed that atom- 
ic nuclei have radii in tne neighborhood of 10"^^ cm to 10"^^ 
cm; this means that the volume of an atomic nucleus may be 



SummariA <5?4'. lo 

Tine fha^eciihle deyi^ifii ke 
nudeus intpltes- veru ^cna 
aiiractiv^ nuclear .^brce^ . 

biUdth^ ^crgreff h^dtdat^ 
'itrtdt nuclear ^roes decrease 
veru rojptdli^ ux>TtK di^noe^ 
So rapialtj ikdit a wuo/e<?H 
oytlij iyftemcb wtWi lis closed 



as small as 10"^^ to 10"^^ 



Now, the mass of one of the 
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lighter atoms is of the order of IQ-^"* ar^r- and this mass 
is almost all concentrated in the ^^o, with the result 

that the density of the nucleus may be as high as 10 
10^"* grams per cubic centimeter. Densities of such magni- 
tude are thousands of billions of times beyond the limits of 
our ordinary experience since the greatest densities of ordi- 
nary material are in the neighborhood of 20 grams per cubic 
centimeter (uranium, gold, lead) . It is evident that the 
forces that hold the atomic nucleus together must be very 
different from any forces we have considered so far. The 
search for understanding of these forces is one of the most 
important problems of modern physics and one of the most dif- 
ficult. Although a good deal has been learned about nuclear 
forces, the problem is far from solved 

Information about nuclear forces has been obtained in 
several ways. It is possible to deduce some of the proper- 
ties of nuclear forces from the known properties of atomic 
nuclei, for example, from the binding energy curve of Fig. 
24.1b. That curve shows that the average binding energy per 
particle in a nucleus has nearly the same value for all but 
the lightest nuclei — about 8 MeV. In other words, the total 
binding energy of a nucleus is nearly proportional to the 
number of particles in the nucleus. Now, if every particle 
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in the nucleus were to interact with every other particle, 
the energy of the interactions and, therefore, the binding 
energy would be approximately proportional to the number of 
interacting pairs. Each of the particles would interact v;ith 
all others. The binding energy calculated by assuming sucn 
interacting pairs is very different from the experimental re- 
sults. To avoid this contradiction it is necessary to assume 
that a nuclear particle -ioes not interact with all other nu- 
clear particles but only with a limited number of them, that 
is, only with its nearest neighbors. For this to be the 
case the nuclear forces must have a short range . The auclear 
forces must fall off very rapidly as the distance between 
two nucleons increases. This decrease must be more rapid than 
the l/r^ decrease of the gravitational force between two par- 
ticles or the l/r^ decrease of the Coulomb electric force be- 
tween two charges. 

The presence of protons in the nucleus also tells us some- 
thing about nuclear forces. Since there are only positively 
charged and neutral particles in the nucleus, the electric 
forces mus : be repulsive. Since the nucleus is very small — 
of the ordt,r of 10"^ ^ diameter — these forces must be 

enormous. So why is the nucleus stable? It seems reasonable 
to assume that the electric repulsion is overcome at very 
small distances by very strong attractive forces between the 
nuclear particles. Information about such specifically nu- 
clear forces can be obtained by studying the scattering of 
protons or neutrons by materials containing protons. Scatter- 
ing experiments and the theory needed to account for their 
results form an important branch of nuclear physics. They 
show that such attractive nuclear forces do indeed exist, and 
many of the properties of these forces are now known — but not 
all. The complete solution of the problem of nuclear forces 
and how they hold the nucleus together has not yet been ob- 
tained; this problem lies at the frontier of nuclear research. 

In the absence of a complete theory of nuclear forces and 
structure, models of the nucleus have been developed. Several 
models are used because no one model adequately describes the 
wide variety of nuclear phenomena, ranging from particle emis- 
sion m radioactive decay to nuclear reactions and fission. 
Two of these models are of special interest: the liquid drop 
model and the shell model. 



Q12 Why was it assumed that there are special nuclear forces to 
hold the nucleus together? 



Q13 Why was it assumed that the nuclear force is very short-range? 



105 



See "Models of the Nucleus" in 
Project Physics Reader 6. 

SummoiriA Stli^A\ 

Usifna tfrfe lic^uid-drop model 
of the ytucleus ^ "Bclar and 



24.H The liquid-drop nuclear model .. In the liquid drop model the 
nucleus is regarded as analogous to a charged drop of liquid- 
This model was suggested because the molecules in a liquid 
drop are held together by short-range forces, as are the nu- 
cleons in a nucleus. According to this model, the particles 
in the nucleus, like the molecules in a drop of liquid, are 
in continual random motion. In analogy with the evaporation 
wheeler We¥'e ahle id accoiArxt^^ molecules from the surface of a liquid drop, a group of 
-^Or nuciear fission ; yf a nuclear particles may pick up enough energy through chance 

yieuiyvn of Su^tCierif }<£ )S collisions with other nucleons to overcome the attractive nu- 

nucleus de^^ed and "'"'P' ^""^ ^""'^ 

I^iSSidyi y^Suits, correspond to spontaneous a emissions. This model has been 

especially useful in describing nuclear reactions: a parti- 
cle may enter the nucleus from outside and im^.:^t enough ad- 
ditional kinetic energy to the protons and neutrons to permit 
the escape of a proton or a neutron, or a combination such as 
a deuteron or an a particle, A quantitative theory of nuclear 
reactions based on this idea has been developed. 

The usefulness of the liquid drop model is also shown in 
its ability to account for fission. When a sample of U^^^ 
is bombarded with slow neutrons, that is, neutrons whose 
kinetic energy is very small, a U^^S nucleus may capture a 
neutron to form a U^^G nucleus. We can calculate the binding 
energy of the captured neutron: 



mass of u^^^ nucleus 
mass of neutron 
total mass of the 

separate parts 
mass of u^^^ nucleus 

change of mass (Am) 

binding energy 



235,04393 amu 
1.00867 

236.05260 
236.04573 

0.00687 amu 

0.00687 amu x 931 
6.4 MeV. 



MeV 
amu 
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At that instant when the neutron is captured, the U^^^ nu- 
cleus formed has this additional energy, 6.4 MeV, which is 
called the "excitation energy due to the neutron capture," 
This energy is several MeV even though the kinetic energy 
of the neutron is so small, less than 1 eV, that it can be 
neglected. 

What happens to the excited U^^G nucleus? This problem 
was studied theoretically in 1939 by Niels Bohr, who had come 
to the U. S,, and John A, Wheeler, an American physicist. 
They showed that, according to the liquid drop model, the 
U^^^ can act like a drop of mercury when "excited" by being 
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given mechanical energy. The nucleus can be defonned into 
an elongated or dumbbell-like shape whose two (charged) parts 
nay be beyond the range of the attractive nuclear forces. 
The electric force of repulsion between the two parts of the 
deformed nucleus can overcome the short-range attractive 
forces, causing the nucleus to split, that is to undergo fis- 
sion, and causing the fragments to separate with high veloc- 
ity. Each of the fragments will then quickly assume a 
spherical (or nearly spherical) form because within it the 
attractive nuclear forces again predominate. A schematic 
picture of a possible sequence of steps is shown in Fig. 24.3. 
Fission occurs less than one billionth (10""^) of a second 
after the neutron is captured. 




Fig. 24.3 Schematic representation of steps leading to the fission of 
a compound nucleus, according to the liquid drop model. 

The liquid drop n>v del gives a simple answer to the ques- 
tion: why do some nuclides (U^^s ^j^^ Pu2 3 9) undergo fission 
with slow neutrons whi.'^ others (Th232 u23Q^ undergo fis- 

sion only with fast neutrons? The answer is that a certdin 
minimum amount of energy must be supplied to a nucleus to de- 
form It enough so that the repulsive electric forces can over- 
come the attractive nuclear forces. This energy, called the 
activation energy, can be calculated with the aid of the 
mathematical theory of the liquid drop model. When U^^^ cap- 
tures a neutron to make U^^^, the excitation of the U^^^ nu- 
cleus is greater than the energy required for fission, even 
when the neutron has very low kinetic energy. This calcula- 
tion was made by Bohr and Wheeler in 1939; they predicted, cor 
rectly, that U^^^ would undergo fission v/ith slow neutrons. 
The theory also^|)redicted that when U^^e captures a slow neu- 
tron to form U the excitation energy is smaller than the 
activation energy by 0.9 MeV. Hence U^^^ should undergo fis- 
sion only when bombarded with neutrons with kinetic energies 
of 0.9 MeV or more. The correctness of this prediction was 
verified by experiment. 

Q14 According to the liquid drop model, what kind of force causes 
fission? 

2 3 8 

Q15 Why does U require fast neutrons to provoke fission? 



2 3 5 

When U captures a neutron 
to make 1)2 36^ the excitation 
of the U^36 nucleus is ^,reater 
than the energy require > for 
fission, even when the neutron 
has very low kinetic energy. 



SG 24.17 
SG 24.18 
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24.12 The shell model . Another nuclear model is required to ac- 
SuK^rrrarw <34.(3L count for other properties of the nucleus — prooerties that 

Ihe shell modoi was could not be accounted for by the liquid drop model. We saw 

dBVelcjpeck ib account for in sec. 22.7 that nuclides with even numbers of neutrons and 

nadeor proper(l<iS me^Xam-^ p^^^ons are more stable than nuclides that contain odd num- 

able Tpie liquid'' drop model. . ^ ..u 

a^ma-me "Bohr- Rutherford ^""^ ^^^^"^ protons or neutrons. Detailed experimental 

elecl^cn sheii COrt-^iOjUrokon as studies of nuclear stability have shown that nuclei having 

ayi analoau^ lPll9 r^od^ 2, 8, 20, 50 or 82 protons, or 2 , 8, 20 , 50 , 82 or 126 neu- 

descrihes f^lMroi^S a^d Y^oton^ trons are unusually numerous and stable. These nuclei have 

as bei^O^J^ cancan o shelis, greater binding energies than closely similar nuclei. When 
KadArnode[ has ad^ntaO^eS exceptional properties of nuclei with these nun^ers of 

and oiisaavairTTac^e^ ancK a 

collective modet id combine P^^^ons and neutrons became clear, in 1948, no available the- 
/lv<7 k under d^elopmerit model of tho nucleus could account for this situation. 

The numbers 2, 8, 20, 50, 82 and 126 were referred to as 
"magic numbers." 

It was known from the study of atomic properties that atoms 
with atomic numbers 2, 10, 18, 36 , 54 and 86 — the noble or in- 
ert gases helium to radon — also have special stability proper- 
ties. These properties were explained in the Bohr-Rutherford 
model of the atom by the idea that the electrons around each 
nucleus tend to arrange themselves in concentric shells, with 
each shell able to contain only a certain maximum number of 
electrons: 2 for the innermost shell, 8 for the next, and so 
on. A full electron shell corresponds to an especially sta- 
ble atom. Although the Bohr-Rutherford model has been rj»- 

placed by quantum mechanics, the idea of shells still pro- 
As with the electron, the ^ n ■ ^ 

"shells" are thought of as ^^^^^ ^ useful picture, and a nuclear model — the nuclea r 
quantized energy states. shell model — has been developed. 

In the nuclear shell model it is assumed that protons can, 
in a rough way of speaking, arrange themselves in shells, and 
that neutrons can, independently, do likewise; in the magic- 
number nuclei the shells are filled. The model has been 
worked out in great detail on the basis ci quantum mechanics, 
and has been successful in correlating the properties of nu- 
clides that emit a or B particles and y photons, and in de- 
scribing the electric and magnetic fields around nuclei. But 
the nuclear shell model does not help us understand fission, 
and there are fundamental differences between this model and 
the liquid-drop model. For example, the shell model empha- 
sizes definite patterns in which nucleons are arranged, while 
the liquid-drop model pictures the nuclear material in ran- 
dom motion. Each model is successful in accounting for some 
nuclear phenomena but fails for others. 
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When two seemingly contradictory theories or models n.ust 
be used in a field of physics, a strong effort is put into 



24.13 

trying to develop a more general viewpoint, or theory, which 
car include the two as special cases. Such a nuclear theory 
is being developed; it is called the collective model , and 
one of the physicists who has worked on this model is Aage 
Bohr, the son of Niels Bohr. This model represents an ad- 
vance beyond the shell and liquid-drop models in correlating 
nuclear data. It does not answer the fundamental question 
of the nature of nuclear forces, which is still one of the 
chief problems in the physics of our times. 



Q16 According to the shell model, what makes the "magic numbers" 
of protons and neutrons magic? 

Q17 Which is better, the liquid drop or the shell model? 



24.13 Biological and medical applications of nucle£'r physics . In Qi/rnffXXyU 5^. 13 

Sec. 24,7 we mentioned the military applications of nuclear UUciCdY' YCOdtoyS ^oduc^ 
energy and the use of nuclear energy as a source of electric YddiddC^^^ \Botbp€JS J^OY US6 iVi 
power. There are many other applications which may, in the YY\Wi\j ^i^ds of imseorch OS 
long run, turn out to be more important. These may be m- 'ifterC^pU 
eluded under the general heading of radiation biology and 
medicine. The field of science indicated by this name is 
broad and we can only indicate, by means of a few examples, 
some of the probleir^s that are being worked on. In this work, 
radiations are used in the study of biological phenomena, in 
the diagnosis and treatment of disease, and in the improve- 
ment of agrtculture. 

The physical and chemical effects of various kinds of ra- 
diations on biological materials are being studied to find 
oat, for example, how radiation produces genetic changes. 
The metabolism of plants and animals is being studied with 
the aid of extremely small amounts of radioactive nuclides 
called isotopic tracers , or "tagged atoms." A radioactive 
isotope {for example, C^^) acts chemically and physiologi- 
cally like a stable isotope (C^^). Hence a radioactive tra- 
cer can l)e followed with counters as they go through various 
raetabolic procossej. The ways in which these processes teike 
placc: can be studied accurately and relatively easily by 
means of these techniques. The role of micronutrients (ele- 
ments that are essential, in extremely small amounts, for 
the well-being of plants and animals) can be studied in this 
way. Agricultural experiments with fertilizers containing 
radioactive isotopes have shown at what point in the growth 
of a plant th^^ fertilizer is essential. In chemistry, ra- 
dioactive isotopes help in the determination of the details 
of cl:emical reactions and of the structure of complex mole- 
cules, such as protein^? , vitamins and enzymes. 



fjf^S: f^cuitdactTire iFacers 
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A grain of radioactive dust in 
the atmosphere is the origin of 
these ci-particle tracks in a 
photographic emulsion (enlarged 
2000 times). 




An autoradiograph of a fern 
frond made after the plant had 
taken in a solution containing 
radioactive sulfur 35. 
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Ta>-le 24.1 
Isotope 

ih3 



32 



53i 



Half- life Important Uses 

11 years Used as a tag in organic sub- 

stances 

4700 years Used as a tag m studying the 

synthesis of many organic 
substances . When eCl ^ is in- 
corporated in food material, 
the metabolic products of 
the organism are markea with 
It. 

15 hours Useful in a wide variety of 

biochemical investigations 
because of its solubility 
and chemical properties., 

14 days For the study of bone metab- 

olism, the treatment of blood 
diseases and the specific 
uptake in tur\or tissue.: 

87 days Has numerous chemical and 

industrial applications. 

5.3 years Because of its intense y 

emission, may be used as a 
low-cost substitute for 
radium in radiography and 
therapy . 

8 days For the study of thyrcid 

metabolism and the treatment 
of thyroid diseases. 



Perhaps the most rewarding uses of radioisotopes have 
been in medicjal research, diagnosis and therapy. For example, 
tracers can help to determine the rate of flow of blood 
through the heart and to the limbs, thus aiding in the diag- 
nosis of abnormal conditions. Intense doses of radiation 
can do serious damage to living cells. Diseased cells are 
often more easily damaged than normal cells. Radiation can, 
therefore, be used to treat some diseases, such as cancer. 
Some parts of the body take up particular elements preferen- 
tially. For example, the thyroid gland absorbs iodine easily. 
Specially prepared radioisotopes ot such elements can be ad- 
ministered to the victims of certain diseases, thus supplying 
desired radioactivities right at the site of the disease. 
This method has been used in the treatment of cancer of the 
thyroid gland, blood diseases and brain tumors and in the 
diagnosis of thyroid, liver and kidney ailments. 

Table 24.1 summarizes the use of a few radioisotopes, most 
of which are produced by neutron bombardment m nuclear re- 
actors. Such uses suggest the promise that nuclear physics 
holds for the future. Indeed, they symbolize the meaning of 
science at its best: research in science lays open to our 
understanding the secrets of nature — and from the application 
of this knowledge to human needs, all mankind can benefit. 








At the top, the damaged trees surround a radioactive cesium 
137 capsule which had been kept there for nearly 6 months in 
an experiment to «*tudy the effects of ionizing radiation on 
biological systems. 

The upper portion of the photo at the left shows normal plant 
cell chromosomes divided into 2 groups. Below that the same 
cell is shown after x-ray exposure. Fragments and bridges 
between groups are typical radiation-induced abnormalities. 

Above is a 14,000 yr . old burial site being uncovered by an 

archeological team near the Aswan Reservoir. The age of the 

burial sitp is determined by carbon-14 dating (described in 
SG 22.9) of scraps of wood or charcoal found in it. 



24.1 Suppose that gC^^ is formed by adding a neutron of a gC^ ^ 
atom. Calculate the binding energy due to that neutron in 3- 

the atomic masses of 2 and ^ ^^e 12.000000 and 13.003354 amu. 4»^^^^^ 

24.2 The atomic mass of He^ is 4.00260 amu; what is the average 
binding energy per particle? 7.07 HeV /nucleon 

24.3 Suppose that a proton with negligible kinetic energy 
Induces the following reaction: 

3L1'' + iH^— ^ 2He'* + 2He'*. 

If the lithium nucleus were initially at rest, what would be 

the relative directions of the two a particles? What would be 

the kinetic energy of each a particle? <>FF^^'^ dtrecttotn^^ eacA w/1A k£ of 

24.4 The first nuclear transmutation (produced by Rutherford 
in 1919) was the reaction: 

^n1% 2He^ ^qO^^ + 

The atomic masses involved are: 

N^**: 14.003074 amu 

0^^: 16.999134 amu 

2He'*: 4.00260'4 amu 

: 1.007825 amu 

Is energy absorbed or released in this reaction? How much en- 
ergy (in MeV) is involved? CLyeorbedi y I t^f hi&V 

24.5 In an experiment on the reaction of SG 24.4, the a par- 
ticles used had a kinetic energy of 7.68 MeV, and the energy 
of the protons was 5.93 MeV. What was the "recoil** energy of 
the 0^^ nucleus? C?. 5^ MeV 

24.6 Calculate the amount of energy (in MeV) liberated in the 
following nuclear reaction: 

The atomic masses are: 

N^**: 14.003074 
h2 : 2.014102 
5. 15.000108 
: 1.007825 

24.7 Appreciable amounts of the uranium isotope 92^^^^ do not 
occur outside the laboratory; 921!^^^ is formed after the thorium 
nucleus goTh^^^has captured a neutron. Give the probable steps 
leading from 3 oTh2 3 2 ^o 3 ^U^ 3 3. ^^^^^ ccpt^e , ? cfecaij . ^ dec^. 

24-8 Use Fig. 24.1a to find the binding energies for ^ ^ 
Bal**l and Kr^^^ these values to show that the energy re- 

leased in the fission of ^ ^ is approximately 200 MeV.U*^^- iy^O MeV 

3a^'. it90MeV, Kr '♦^ ; ^00 MeV 
24.9 Possible end-products of ^ ^ fission, when provoked by 
capture of slow neutrons, are 57La^39and ^ ^^o^ ^. This reaction 
may be described by the equation: 

9211^35^ ^^1 ^5^ul39 + ^^Mo55 

+ 2onl + 7(.ieO). 

The mass of 57U^ is 138.8061 amu; that of ^ 2^0^ ^ is 94.9057 
amu. How much energy is released per atom in this particular 
fission? The mass of the seven electrons may be neglected. 



24.10 lx>ss of neutrons from a mass of fissionable material 
depends on Its shape as well as Its size. For some shapes, It 
Is Impossible to reach a critical size because the neutron loss 
through the surface Is too great. With what shape would a 
mass of fissionable material suffeivthe least loss, of neutrons 

from the surface? The most ? (tfaiT loss^ iphencoJ^- most loss - f (at s^iect 

24.11 Why are the high tempera^ -res proauced by the explosion 

of a fission bcjn^ necgssarv^^ iSk^^^ fusion in a thermonuclear 
device? «^^'^*) ni^^ proton^' r^mreci 

24.12 It is generally agreed that stars are formed when vast 
clouds of hydrogen gas collapse under the mutual gravitational 
attraction of thgir particles. How do fusion reactions begin 

in such stars? ^^'9^ enough temp^trOUre^ r^utt from 1^^ caiiaps^ , 

24.13 One of the energy sources in the sun is the production of 
helium nuclei by four protons as described in Sec. 2A.9: 

4jH ^2^^** + 2 +ieO. Show that about 26 MeV of energy are 

releai:ed in each cycle. 

24.14 Fusion reactlors in the sun convert a vast amount of 
hydrogen into radian: energy each second. 

(a) Knowing that the energy output of the sun is 
3.90 X 10^^ joules/sec, calculate the rate 

at which the sun is losing mass. x 'O*^ Ka/s&c 

(b) Convert the value 3.90 x 10^^ joules/sec to 
horsepower. (Recall that 1 horsepower is 
equivalent to 746 watts). 5 ^3 x ^o hots^pcr^ 

24.15 A source of energy in the sun may be the "carbon cycle," 
proposed by Hans Bethe, which is outlined below. Complete the 
six steps of the cycle. 




J - N + ,e + V 
' f + 1 

+ iHl >-gCl2+ ^He** 



24.16 Another reaction which may take place in the sun is: 

He^ + He** Be^ + y. 

The atomic mass of He3 is 3.016030 amu, and that of Be^ is 
7.016<^29. Is energy absorbed or released? How much energy? 

24.17 Th( atomic masses of 92U^^^ and 9 2 3 are 233.039498 ^ 
and 234 040900 amu. The activation energy for the fission of 

the nucleus 9202 3*4 ts 4.6 MeV. Is U2 3 3 fissionable by slow 
neutrons? 

Yas^ 4>ecau^«^ excrtafron cricrgy W greater lHon^ «ctivaU oiergw. 

24.18 Bombardment of Pu^**^ with slow neutrons sometimes leads 
to the reaction: 

The atomic masses of Pu^** 1 and Pu2**iiare 241.056711 amu and 
242.058710 amu. The activation energy of Pu^**! is 5.0 MeV. 
Is Pu^ fissionable with slow neutrons? 



Epilogue In this unit we have traced the development of 
nuclear physics from the discovery of radioactivity to cur- 
rent work in nuclear fission and fusion. We have seen how 
radioactivity provided a place to start from and tools to 
work with. In radioactivity man found the naturally occurr- 
ing transmutation of elements that made it possible for him 
to achieve the transmutations sought by the alchemists. The 
naturally occurring radioactive series pointed to the exist- 
ence of isotopes, both radioactive and stable. Artificial 
transmutation has increased by many hundreds the nuirJDer of 
atomic species available for study and use. 

Nuclear physicists and chemists study the reactions of 
the stable and radioactive nuclides; and so nuclide charts 
and tables grow. The collection and correlation of a vast 
body of experimental data remind f the work of the nine- 

teenth-century chemists and spectrC" xt^ts. Nuclear models 
are built, changed and replaced by newer and, perhaps, better 
models. But the detailed nature of nuclear forces is still 
the subject of much research, especially in the field of 
high-energy physics. 

But that is only on'a of the fields that remains to be ex- 
plored- The nucleus also has magnetic properties which affect 
the behavior of atoms. Sometimes it helps to study these 
properties when the atoms of matter are at very low tempera- 
tures, as close to absolute zero as we can get them. Nuclear 
Dhysics overlaps with solid-state physics and with low-tempera- 
ture physics; strange and wonderful things happen — and quanta 
again help us understand them. 

The study of light through the development of devices such 
ac the laser attracts many physicists. These devices are 
made possible by, and contribute to, our increasing under- 
standing of how electrons in complex atomic systems jump from 
one energy state to another — and how they can be made to jump 
where and when we want them to. 

The properties of liquids are still only imperfectly under- 
stood after much study. Thales of Miletus was perhaps the 
first man on record to make a large-scale scientific specula- 
tic n when he proposed, over twenty-si3( centuries ago, that 
maybe everything in the world is basically made of water in 
combinations of its various states. Thales was wrong, but 
even today we are trying to develop an adequate theory of 
the behavior of water molecules. 

All the subjects we have mentioned touch on engineering, 
where physics and other disciplines are made to work for us. 
All of the engineering fields involve physics. Nuclear 



engineering and space engineer 3 ng are the most recent and, 
at the moment, perliaps the most glamorous. But today -.he 
chemical engineer, the mechanical engineer and the metallur- 
gist all use quantum mechanics. They must understand the 
properties of atoms and atomic nuclei, because it is no long- 
er enough to know only the properties of matter in bu}V. . 

The radiations we have talked about — a, 5 and y rays — are 
tools for industry, biology and medicine. They help to cure, 
preserve, study, understand. Neutrons are not only constitu- 
ents of the nucleus, they are also probes for studies in 
science and in industry. 

So our study of atoms and nuclei, indeed our whole course, 
has been an introduction not only to physics but also to the 
many fields with which physics is closely linked. It has 
been an introduction to >xn ever-expanding world in which much 
is known end unacr stood, but where much more — and perhaps the 
most wonderful part — is waiting to be discovered. 
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Brief Answers to Study Guide 



Chapter 21 

21.1 (a) 



21.2 



(a) 
(b) 

(a) 
(b) 
(c) 

va) 
(b) 
(c) 

(a) 
(b) 
(c) 
(d) 
(g) 

21.6 (a) 



21.3 



21.4 



21.5 



21.7 (a) 
(b> 
(c> 

21.8 



The radioactivity of thorium 
was nroDor tional to the amount 
of thorium, 
(b) new radioactive elements t-olo- 
nium and radium 
1.2 X io-i3 ^o^jie 
0.75 MeV 
5.7 K 10-2 ^ 
420 m 
7350:1 

1.0 y iO"* N/coul 
1.0 ^ 10^ volts 
unde fleeted 

Y (f) a 
o> (g) S 

(h) a 
f (i) a 

Y (-}) a 

Radium decayed into radon {a 
gas) which decays into radium A 
which IS dej^osited on nearby 
objects . 

(b> The residue contained daughters 
of high activity (short half- 
life) . 

(c> Tr.e uranium compound continual- 
ly decayed into more active 
daughters, but uaughters in the 
residue were not replaced as 
they decayed. 

1/2 
3/4 

Assume the products of decay 
were not themselves radioactive. 

(a) graph 

(b) 8.31 X 10 atoms 

(c) 5.0 ' 10' ^ atoms 

^ ^ ^oules/disintegra- 



21.9 (a) 5.7 X 10 

tion 
(b) 45 watts 

21.10 3.70 X 10^ disintegrations/sec 

21.11 D.O X 10"Vmin 

5 >f 10^ atoms /min 
Yes 

21.12 10% of the 90% or 9% of the orig- 
inal. 

Chapter 22 

22.1 Isotopes of an elenvent have 
same Z . 

22.2 Determine if its chemical proper- 
ties are unique. 

22.3 (a) The lighter particles would 

diffuse away from the liquid 
surface more rapidly after 
evaporation,, hence fewer of 
them would re-enter the liquid, 
(b) The hydrogen isotopes have the 
largest ratio of isotopic masses 
(2:1) and hence the largest 
ratio of speeds ( 1 : ^T) . 



22 .4 


(a) 
(b) 
(c) 


0 .054 m 
5.64 m 
0.005 m 








22 .5 


(a) 


82Pb212 


93Bl^i2 








(b) 












(c) 




82Pb^01 


+ 


2He'^ 



22.6 chart, the end product being 
82PJ^^^^. 

22.7 diagram, ending with e?Pb"°^. The 
alteriiatives are in the mode of 
decay of e^^Po^^^ and 938!^^^. 

22.8 decay diagram, the modes of decay 
are 0, a. a.- 6. a. a. 



22.9 4000 years 
25000 years 

22.10 (a) 12.011 amu 

(b) 6 .941 amu 

(c) 2 0 7.2 amu 

2 2.11 4.0015 amu 

Chapter 23 

23.1 235 IS not divisible by 4. 



23.2 



23.3 



23.4 



23.5 



23.6 



23.7 



235 protons 
143 electrons 



1 i 



va) 
(d) 
(a) 
(c) 
(a) 

(c) Mg-"' 



2 He 5 
^Be^ 



(b) 
(e) 
(b) 
(d) 



1 rMg 
J 9^ 
3Ll^^ 



(c) p,Si 



(b) A1-' 
(d) Mg^' 

The same nuclide bombarded by dif- 
ferent narticles will yield differ 
ent products . 

Nitrogen nuclei are an order of 
magnitude more massive than hydro- 
gen . 

1.2 4 amu 
6.9% 



23.8 table 

23.9 (a) 78 (b) 79 (c) 80 

23.10 The missing product nuclide in 
each case is the same. ijNa^"*. 

23.11 description 

23.12 explanation 

23.13 explanation 



Chapter 24 



24.1 
24.2 
24 . 3 

24 . 4 

24.5 
24.6 
24.7 



24.9 
24 .10 



24.11 
24 . 12 



24.13 
24 . 14 



24 .15 



24.16 
24.17 



4.95 MeV 

7.07 MeV/nucleon 

opposite directions, 
each with KE of 8.65 Me'' 

absorbed ,, 
1.19 MeV 

0.56 MeV 

8.61 MeV 

neutron capture,, 

6-decay 

e-decay 

^ ^; 1790 MeV 
Ba^ ; 1180 MeV 
Kr'^^ : 800 MeV 

208 MeV 

least loss- 



— spherical 
flat sheet 



most loss- 
Very high KE protons required 

high enough temperatures result 
from the collapse 

"proof" 



(a) 
(b) 



4.33 
5.23 



10^ kg/sec 



10^ 



horsepower 



(1) 




(4) 




(2) 




(5) 




(3) 




(6) 


7N1^ 



re leased 
1.59 MeV 



Yes, because the excitation energy 
IS greater than the activation 
energy . 

24 .18 Yes 



Appendix A Some Physical Constants and Conversion Factors 



Name 

Speed of light 
Planck* s constant 
Charge of electron 
Rest mass of electron 

Rest mass of proton 

Rest mass of neutron 

Mass of neutral hydrogen atom 

1 eV = 1.60 X 10""^ J 
1 MeV = 10^ eV 
1 amu = 931 MeV 



Value 

o 

3.00 X 10 m/sec 



6.63 X 10 



-34 



J • sec 



-1.60 X 10 



-IS 



coul 



9.11 X lO"-^-^ kg 
= 0.000549 amu 

1.67 X lO"^^ kg 
= 1.007276 amu 

1.67 X 10"^*^ kg 
= 1 .008665 amu 

1.67 X 10"^*^ kg 
= 1.007825 amu 



Appendix B Some "Elementary" Particles 



Family 
name 


Particle 
name 


Symbol 


Rebt 
mass* 


Electric 
charge 


Antiparticle 


Average lifetime 
(seconds ) 


Photon 


photon 


Y 


igamma 
ray) 


0 


neutral 


same particle 


infinite 


Leptons 


neutrino 


V/ 


u 


0 


neutral 




V 


infinite 




electron 


e" 




1 


netative 


e+ 


(positron) 


infinite 




u-meson 
(muon) 






207 


negative 






10"^ 


Mesons 


n-mesons 
(pionc) 


+ 

n 
n 




273 
273 
264 


positive 
negative 
neutral 




same as 

the 
particles 


10-8 
10-8 




K-mesons 
(Kaons) 






966 
974 


positi*'e 
neutral 


K- 


(negative) 


IQ-^O and 10"' 




n-meson 
(eta) 


0 

n 




1073 


neutral 


n 




10-18 


Baryons 


proton 
neutron 


P 
n 




1836 
1839 


positive 
neutral 


E 
n 


(antiproton) 
(antineutron) 


infinite 
103 




lambda 


A* 




2182 


neutral 


— o 

A 




lo-io 




sigma 

XI 


Z+ 




2328 
2341 
2332 

2580 
2570 


positive 
negative 
neutral 

negative 
neutral 


!: 

z 

Z 0 


(negative) 
(positive) 

(positive) 


lo-io 
lo-io 

10 20 
IQ-JO 

lo-io 




omega 






3290 


negative 






10-10 



* Mass of electron is 1 unit on this scale 
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Answers to End of Section Questions 
Chapter 21 

Ql It was phosphorescent. 

Q2 No treatment was needed — Che emission was 
spontaneous. 

03 Their apparent constancy-— they couldn^t be 
turned off or even varied. 

Q4 It Isn't — although slight differences might 

be observed because of the other element absorbing 
some of the radiation. 

Q5 The radioactivity was much greater than ex- 
pected for the amount of uranium In the ore. 

Q6 separating It from barium, which Is almost 
Identical chemically 

Q7 from most to least penetrating: y, 3, a 

'jS 6 particles were found to have the same q/m 
ratio as electrons, 

Q9 a rays were deflected much less than 8 rays 
by a magnetic field, 

QIO Its emission spectrum, when caused to glow by 
an electric discharge, was the same as helium's, 

Qll It occurs when only a single pure element Is 
present, and Isn't affected by chemical combina- 
tions of that element. 

Q12 The mass of a daughter was found to be less 
than the mass of the parent by the mass of a 
helium nucleus. 

Q13 1) Many of the substances In a series have 
the same chemical properties. 

2) There are only small percentage differences 
In atomic mass. 

3) Many of the substances decayed very rapidly 
Into something else; all three kinds of rays are 
given off by the mixture. 

Q14 1/16 of It 

Q15 No definite prediction Is possible. As usual, 
the odds are 50:50 that one of them will dis- 
integrate. (But the odds are 1 In 4 that both 
will, and 1 In 4 that neither will.) 

Chapter 22 

Ql They were chemically the same as pr^^/lously 
known elements , 

Q2 decreases 4 units; stays essentially the same 

Q3 decreases by 2 + charges; Increases by 
1 + charge 

Q4 by subtracting a particle masses from the 
mass of the parent of the decay series 

Q5 The Ions coming out of the 'Velocity selector" 
all have the same speed. 



Q6 1) faint second line In mass spectrum of 
pure neon 

2) different atomic masses of samples of 
neon separated by diffusion 

3) more Intense second line In mass spectrum 
of one of the samples separated by diffusion 

Q7 More massive atoms have a lower a'«'erage speed 
and so diffuse more slowly than less massive ones. 

Q8 78^^^^** ; platinum. 

Q9 (A-4) 

QIO (Z+1) 

Qll an Isotope of hydrogen with twice the atomic 
maso of ordinary hydrogen 

Q12 The third Isotope has a very low abundance. 
Q13 gC^2 



Chapter 23 

Ql Several atomic masses (which were not recog- 
nized as the average of several Isotopes) were 
not close to whole multiples of the atomic mass 
of hydrogen. 

Q2 12 protons and 6 electrons 

Q3 In a cloud chamber there was no af ter-colllslon 
track for the a particle. 

Q4 The way It knocked protons out of paraffin 

would be for Y rays a violation of the principles 
of energy and momentum conservation. 

Q5 A neutron has no charge, and so Isn't deflected 
by magnetic or electric fields, nor does It leaves 
a track In cloud chamber. 

Q6 7 protons and 7 neutrons 

Q7 a nucleus of 2 protons and 2 neutrons, sur- 
rounded by 2 electrons 

Q8 A neutron In the nucleus changes Into a proton 
and a 0 particle, which Immediately escapes. 

Q9 Without the extra particle, there was no way 
to explain the disappearance of energy In 6 -decay. 

QIO The repulsive electric force exerted by the 

large charge of the heavy nucleus on an a particle 
prevents It from reaching the nucleus. 

Qll Protons have only a single charge. 

Q12 They have no electric charge and so are not 
repelled by nuclei. 

Q13 False: Neutron capture, for example, can pro- 
duce a heavier Isotope of the same element. 

Q14 j^Sl^e 
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Q15 ^. 7 protons, 6 neutrons before; 6 protons, 

7 neutrons after. 



Chapter 24 

Ql No, In some nuclear reactions energy is ab- 
sorbed. 

Q2 It can go off as y rays or as the KE of the 
product particles. 

Q3 A nuclide with a high average binding energy is 
more stable. 

QA No. Light nu '1 are lower on the curve than 
heavy nuclei. 

Q5 capture of a neutron by a uranium nucleus, 
then the B decay of the new nucleus 

Q6 neutrons 

Q7 a substance which slows down neutrons 

Q8 It slows down neutrons well (because of the 
abundance of H atoms), but it also absorbs many 
(to form "heavy" water). 

Q9 The positively charged nuclei repel each other 
and high speeds are necessary for the nuclei to 
come near enough in collisions to fuse. 

QIO Since at very high temperatures the gas is 
ionized, a properly shaped magnetic field could 
deflect the charged particles away from the walls. 

Qll decreasing 

Q12 The protons in a nucleus repel each other with 
intense electric forces. 

Q13 The average bidding energy curve suggests that 
each particle in the nucleus is bound only by its 
immediate neighbors. 

Q14 An excited nucleus becomes distorted in shape; 
electric repulsion between bulges then forces 
them apart. 

Q15 The excitation energy resulting from neutron 
capture alone is less than the activation energy 
required for fission. 

Q16 They correspond to completed shells (or sets 
of energy states) of protons and neutrons in the 
nuc leus. 
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Q17 Your answer should be that this is not a sen- 
sible question. Both models are incomplete; the 
point is not to decide between them, but to blend 
them into a more complete general model. 
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Unit Overview 



Overview of Unit 6 

The mam purpose of Unit 6 is to trace 
the development of our ideas of the con- 
stitution and structure of the atomic 
nucleus. Th j story line is simpler than 
that of Unit 5 and extends over a much 
shorter tine interval — from 1896 to th'<i 
present. The material has been chosen to 
trace the story and at the same time, to 
accomplish some additional pM-poses. 
Those are: first, to emphasize important 
concepts from earlier units, for example, 
the use and importance of the principles 
of conservation of energy and momentum, 
the motion of charged particles m elec- 
tric and magnetic fields; second, to 
relate the physics to practical applica- 
tions, and to social and economic prob- 
lems. The material of Unit 6 is more 
amenable to these purposes (in the space 
available) than was the material of Unit 
5. 

The story of the atomic nucleus starts 
with the discovery of radioactivity. The 
phenomena of radioactivity furnished in- 
formation about atomic transformations 
that were shown later to occur in the 
nucleus. Radioactivity supplied the first 
projectiles (the a particles) that made 
possible the discovery of the atomic nu- 
cleus and of artificial transmutation 
and nuclear reactions. The investigation 
of radioactivity also led to the concept 
of isotopes. Hence, the study of radio- 
activity open9d several roads that led to 
the nucleus and its properties. Chapter 
21 deals, therefore, with *:he discovery 
of radioactivity, the phenomena o^.' radio- 
activity, and the theory of radioactive 
transformations. We are led in a direct 
way to the discovery of isotopes, treated 
in Chapter 22. The quantitative investi- 
gation of isotopes by means of the mass 
spectrometer made possible the measure- 
ment of the masses of individual atoms. 
These measurements are based on the mo- 
tion of charged particles in electric 
and magnetic fields. A large amount of 
data was obtained on isotopic masses and 
natural cibundance , which made possible 
theories concerning the composition of 
the nucleus. These theories are treated 
m Chapter 23 which includes much of the 
heart of Unit 6. That chapter provides 
a fine example of the interplay between 
theory and experiment., The first hypo- 
thesis of the constitution of the nu- 
cleus, the proton-electron hypothesis, 
was unsuccessful. Further experimenta- 
tion led to the discovery of artificial 
transmutation which led, in turn, to the 
discovery of the neutron. The proton- 
neutron hypothesis of the constitution 
was then possible. The discovery of 
artificial transmutation and nuclear 
reactions opened up the field of radio- 
chemistry, and led to the invention of 
charged-particle accelerators. The use 
of these machines resulted in the accu- 
mulation of an enormous amount of infor- 
mation, in analogy to the development 



of chemistry m the 19th century. The 
phenomena studied m this chapter are 
closely dependent on the principles of 
conservation of energy and momentum (the 
neutron and neutrino) . 

The information developed m Chapters 
22 and 23 makes possible the quantitative 
study of the energy balance m nuclear 
reactions and led to the concept of nu- 
clear binding energy. These are the 
first subjects studied m Chapter 24.- 
They are intimately connected with nu- 
clear fission and nuclear fusion and the 
vast release of energy m these reactions. 
Hence, nuclear fission is studied m some 
detail, along with its practical applica- 
tions and industrial, economic, and polit- 
ical consequences. The energy release 
in these nuclear reactions focuses atten- 
tion on the forces holding the nucleus 
together, and on models of nuclear struc- 
ture. Nuclear physics is far from complete, 
and Unit 6 ends with hints of problems 
and possibilities that remain. 

Experiments 

E^^* Random event b 

E45* Range of alpha and beta particles 

E^6* Half-Life I 

E^7 HaU-Life II 

E^8 Radioactive Tracers 



Demonstrat ions 

D59 Mineral audlorad iograph 

D60 Naturally occurring radioactivity 

D61 Mass spectrograph 

D62 Aston Analogue 



Iran spar enc les 

T^O Separation ofot , 6, Y rays 

T^l Rutherford's a Particle "mousetrap" 

1^2 Radioactive disintegration series 

1^3 Radioactive decay curve 

T^^ Radioactive displacement rules 

1^5 Mass spectrograph 

146 Chart of the nuclides 

147 Nuclear equations 

148 Binding energy curves 



Loops 

L49 Collisions with an unknown object 



N on-Project Physics Loops 

L6-1 Radioactive decay 

L6-2 Thomson* s positive ray parabolas 

L6-3 Aston' s mass spectrograph 

L6-4 Nuclear reactions 

L6-5 Critical size 
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Films (16nan> 

FA7 Discovery of radioactivity 

FA8 U238 radioactivity scries 

FA9 Random events 

F50 Long time intervals 

F5 1 Isot opes 

F52 The linear accelerator 

F53 Positron-electron annihilation 

F54 Fission 



Reader Articles 

Rl Rutherford 

R2 The Nature of the Alpha Particle 

R3 Some Personal Notes on the Search for the 

NeuM-on 

R4 Antiprotons 
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R8 The Cyclotron As Seen By... 

R9 CERN 
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R13 Success 

RK The Nuclear Energy Revolution 
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R19 Twentieth Birthday of the Atomic Age 
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Quantum Electrodynamics 
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UNrr Six MUm- MEDIA SCHEPULS (V^atls on -foWowrn^ po^es) 

12 3 4 

UiTrvducton LAS STATIONS: uefUKiRv J>^Y LAS SrxHOWS 

Unit 6 Dt^TecKon Sttdenfs k>ok -p^r Sehavtor of nuclear 

"Radiooictivitlj researxM topics particles 

In 2a 3. 4a 

UWit6 Text: /-<a(.3 Text :<a/ ^'-.S'.^ 7«xt'^./-<5iii.a 10^39^^ 

Prdocfte. i^eader. hIatUre op Alpha f 

Parttdes, 1?uTPicrford. 

S 6 7 8 

L/giWjey D/*y SxPSR^af^ on Eypsrim^^s can't. Experiments. Cortt. 



Write up experiments Write, up cvp^/mciife Vv/rffe up 
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12 



of Exportry^ls pAV PLMH^NC^ 



LAB Sr/Kr(Cf^^ : 
Models and 
App^t'cdHons 



i^eoder- Success, 



12i) 

S3 4.-^^ 6 



J>i3cuss cotmf/\crc 



i4 15 

Qtuole^iis work on CoritJnue' work on 
c^viMs and cortracts 
research^ 
tbackzr (xss(s\s 



16 



18 



cn Fusion 



18a 



19 



Continue fusiori 



19a 



20 



canVnueal 



! 21. 



Stadeift reports 
c^Minued 



228 



23 



H^rvtBw or uurr 6 
Optional ' Colle^ 
Sowl-'Ttjpe Qui-z. 



23a 



1?e«?fer: CoiUha all 



Unit 6 



LW/r 6 Tesr 
SIS r^LM • Tfrc Strang 
Case, of tic, Crfsmic 



Multi-Media 



Details of the Multi-Media Schedule 



Teachor introc?uction to I'm t 6 

Points to naho: 

1. that thoro is a stage beyond atoms 

2. new techniques and idcNis are re- 
quired in order to study what one 
caiinot see 

film: Discovor^^ of Radioactivity (color), 
International Film bureau 

Small group discussion of film (Provide 
guido quGstionsl 



Day 2 

Lab stations: Detection of Radioactivity 

1. Cloud chajnber. Project Physics 
type. Provide Sources so tliat 
students car. compare tracks of 
alpha and beta particles. 

2. Geiger counter; Pro oct Physic?; 

or other type is sufficient. Pro- 
vide alpha and beta sources. 

3. Electroscope. Observe discharge 
rate of electroscope with and 
Without presence of radioactive 
sources . 

4. 3-D viewer and pictures from 
bubble chamber. 

5. Spinthariscope. Many designs are 
available for purcj ase or construc- 
tion, all require t^me for eyes to 
become dark adapted. 

6. Photographic plate. See Teacher 
Guide for details. 



Day 3 

Library Day: Students are given an oppor- 
tunity to pick area for an individual 
study . 

Some possible topics: 

Accelerators (or specific accelerator, 

e.g., Brookhaven) 
Detection devices (or specific device, 

e.g., bubble chamber) 
Types of research with isotopes 

(specifically: medicine, biology) 
Political issues of nuclear science: 

detection of tests, control of 

power, financing of research, etc. 
Engineering applications of nuclear 

power 

The future of the nuclear age: 

nuclear power, cheap power, etc. 
New Particles: Quarks, :r 
The "8- fold way" 
Radiation safety 



Day -1 

Lai St.itioj.r- iki.tivif,} 
r a r 1 2 c 1 o s 

Use same statiOjus dr> for I'. 57 ^, 1 vU - 
phasizo the ^ehaw^rial charact v i 1 s t 1 cn 
of part 1 cit ^ , 

Investiqato absorption, maqnciic dofloc- 
tion, scattorxnq, and 1 n verse -.square law 
of radiation intensity. (Bo caroful <-il;out 
the inverso-^:quaro law because air is ,i 
good a)sorbor of radiation.) 



Day 5 

Library Day 

Help studentb fin(J topics ro}.'»*^in(j to 
Unit 6 conccpvS and consistent with tiu-ir 
ability and interests. In goneral , stu- 
dent shoula .a) find a topic of interest, 
(b) read up on it, (c) toil the rest of 
the class aoout 1 t on Days 20-22. 



Days 6,7, 8 Lxporiments on radioactivity 

Students do one oxporim<Mit each day. 

L 44 Random events 

K 45 Range of alpha and beta particles 

L 46 Hai:-life i 



Day 9 
Summary 

Teacher leads class in summarizing experi- 
ments and results . 



Day 10 

Problem-solving day 

Select appropriate end-of -chapter problems 
on displacement rules, half-life, decay 
constant , etc. 



Day 11 

Student activity 

Students continue to r^rad and plan for 
contract*. Give students latitude in the 
way topics can bo described to class. 
For ex£unple, a student who irtudies reac- 
tors may wish to make a model to show; 
a student wh^ studies political implica- 
tions of nuciear power may wish to write 
an essay to read;, and students studying 
the financing of nuclear research may 
want to dramatize a make-believe request 
in front of the class. 



4 



Multi-Media 



r V 12 

Lai) St at ions :• Mode Is and Anp l \ cat icns 

1. Mode] of mass spGctroqraph . Proi: 
steel baJ Is of various nasscs 
past a strong macfuet and note 
where they land. Compare pri:*- 
ciple to mass spectrograph. 

2. Model of nuclear scatt*-^ri no . 
Mount magnet under glass tray. 
Use .nacjnetic discs and beads tr. 
show Rutherford s;catterLna. 
Otlier models possible. 

3. Model of chain reaction. "Mouse- 
trap-and-cork" model is ideal; 

a set of dominoes arranged in a 
pyrarrtid also illustrates the 
reaction . 

4. Film loop 49. Collision \;ith 
unknown ob;;:ect. 

5. Dice model of decay. IVenty-sided 
and eight-sided dice used to sfiov, 
decay rates. See Teacher Guide. 

6. Model cyclotron. Place a marble 
in the center of a flat board 
(approx.^ 24" • 24") . Tilt the 
board back and forth to cau?e 
the marble roll faster and 
faster in a circular path. 
Compare principle to c\'clotron. 

Days 13, 14 15 

Ditto a contract form for student'^ to 
fill in. Contract should contain a 
bibliography of material studied and a 
description of the way it will be pre- 
sented to class. You may want to h.ave 
student specify what grade he will re- 
ceive for successful completion of 
contract terms. This technique seem:; 
to appeal especially to slower students. 
Help students write reasonable contracts. 



Student r*^p'^rt day 

rtud*. nt pres*"^ntation^ , uenonstrations , 
and 'iraria t L z at: i on? are von to class . 



niv 2 ^ 

:v View foi Cnit 6 test 

Col leae Bow 1- type qui z cou Id be se t 
up by a student or students as tJieir 
contract project. All the class can 
participate as judges,, sc^-'^rs, timerj 
a n d tear nJ^ e r s . 



Day 2^J 

Uni t 6 test . 



Jay 
nln: 

The Strange Case of tlie Cosmic Rays 
Available through local telephone of- 
fice (58 mm., color). 



Day 16 

Lecture presentation on fission 

Show quantity of \e from 'm. Avoid 
homework assignments here to allow 
students to concentrate on project.^. 
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Day 17 

Fission (continued) 

Local power companies often have infor- 
mation on nuclear power reactors that 
provides an extension of th is topi c. 
A good wrap-up film (10 min.) is Prin- 
ciples of Nuclear Fission (McGraw-Hill), 

Day 18 

Lecture present a tion on f us ion . 

Show quantitative relationships of AE 
and Am. 



*A contract is an agreement, between 
teacher and student, which relates the 
nature and amount of work to be performed 
by the student to his expected grade. It 
can be either verbal or written and can 
exist in various degrees of intensity 
depending upon the circumstances. 
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Chapter <3l: 1?adto xctivitJ^ 



"Ray^chm events 



-Post lah 
seminar 



Lah — 

"Rartae cf alpha 
anrt beta 
particies 



"Post bh 

problem 
seminar 



1=?ead 51.^5 £74^'' 



Lab- 
Half- Life I 



"Post (ah 

and I or 
probieryt 

SerrwYxar 



IS 
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Chapter 21 Resources Chart 



c5/./ Se/^&nets discover 



£"4^^ "RancAom events 
VS9 Mineral Audtoradio^raflix 



^ Other "radiooctt^e, 
eleio^^k aye 

5 1 3 'The perxoVrviTma povy/e.r 
of "fiHe roMioi^on : 
o< ; P and T rcujs 

St. 4, The. dnar^e and 

Max ofcK^& oyxJl 

TJie (deHtttij 
mousetrtxp 



a 



4- 



p^o Naturadij occurring mdioact\/tij 



£4.6^ 1?an^e of Alphu and "Befei 



(HI. 7 "RadioadtTs/e deoa.\ 



half iife- 



10 



7 
9 

// 



£•4.7 Half- life % 
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Chapter 21 Resources Chart 



^'4^7 J?i6covertj of yxxiioacTwtlj 



f?<p? 7f7^ nature of 1he alphc\ particle 



fj^<^ US3S 'KadtoodK/tti^ series 



T4-^ 'Racitc?acfrv/e ^tstntegncjffion series 



T^-j f?ac^ibac6'v^e cteccuj carve 



of Seta, radjotion 



Ma^y^etic deflecttorx of 
Beta Yuip 



A SWi^^ demo^^siraticn 
.S^py^Qer^yit{by\ . 
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Summary of Kxperiment 44*: Random Kvents 

The student observes a series of random 
events in each of three different situa- 
tions and seeks a pattern of behavior 
common to all of them. The apparatus anci 
techniques are used again in the following 
experiment with alpha and beta particles. 

Apparatus for each student group 

A. tray containing 120 twenty -sidod dice 
graph paper 

B. continuoa:: cloud chamber and 
alpha-parti cle source 
cardboard barrier to confine alpha 

dry ice or source of CO^ snow 
methanol (methyl alcohol) 
light source 
graph paper 

beta-particle source 

Geiger counter with its power supply, 
pulse divider, amplifier and loud- 
speaker 
graph paper 

radioisotopes (order well ahead) 
planchets 

10-ml pipettes with rubber bulb OR 
disposable plastic syringes 
disposable plastic gloves 

Summary of Experiment 45*: Range of Alpha 
and Beta Particles 

The range of alpha particles is mea- 
sured m a cloud chamber and the range of 
beta particles is measured with a Geiger 
counter, using apparatus and techniques 
from the previous experiment m both cases. 

Equipment 

i'or each student group: 

A. ' al' ^ ""-particle source 

con. ,nuous cloud chamber 

cardboard barrier used in random events 

experiment 

dry ice or CO2 source of dry-ice snow 
methanol (methyl alcohol) 
clock with second hand 
light source 
centimeter ruler 

B. beta-particle source 

SIX 2" X 2" Squares of shirt card- 

board and/or thin aluminum foil 

Geiger tube with its power supply, 

pulse divider, amplifier and loud- 

spe aker 

graph paper 

clock with second hand 

filter paper, 25 mm disc 

Geiger counter with power supply, pulse 

divider and amplifier 

stopper, #3 neoprene , to fit funnel 

2 graduated cylinders, 25 ml 

stopwatch or clock with second *"and 



rinastand and clamp for funnel 
filter nump 

ammonium phosphomolybdato 

thorium nitrate solution 

filter flask, 250 ml, with tubing to 

connect to pump 

diluted nitric acid 

distillod or deionizod water m 

beaker or wash bottle 

bottle or flask for catching filtrate 

Summary of Experiment 46*: !ialf-Life 

Tliree examples of exponential decay 
are measured m this exercise and in 
each case a decay curve is plotted and 
half-life and decay constant computed. 
The three examples are independent of 
each other, making it possible to omit 
one or two of them without loss to the 
essnetial idea of the experiment. No 
knowledge of logarithms or exponents is 
required although it may be made use of 
if desired. 

Equipment 

A. tray containing 120 twenty- s ided 
dice graph paper 

B. resistance of about lo'* ohms (see 
Teacher Guide for discussion 
capacitor of about 6000 uF 

(dry cell, 1-1/2 volts or 6 volts) 
voltmeter (0-2.5 volts dcj 
switch (optional) 
Connectjng wires 
graph paper 

C. polyethylene Buchner funnel 
(26 mm plate diameter) 

Summary of Experiment 47:* Half-Life II 

This IS a very simple and clean half- 
life experiment. Lead 212 is deposited 
on negatively charged aluminum foil in- 
side a vessel containing thorium nitrate. 
Although the decay scheme proceeds through 
several more radioactive nuclides before 
the stable lead 208 is reached, all the 
others have much shorter half-lives than 
lead 212. The decay of lead 212 is 
therefore the rate-determining process 
and students should find that the sample 
does have a constant half-life of about 
10.5 hours (Tj^ for lead 212 is 10.6 hr) . 

Equipment 

thorium nitrate 

Geiger counter and scaler 

aluminum foil 

plastic container (e.g. refrigerator 
jar, ice-cream box) 
rubber sponge 

Petrie dish, watch glass, etc. 
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< 
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Chapter 33 Xsothpe/S 




"Read ap,4.-^.5 



Mass 

Spectroc^raph 



l^ead -^P. e 



Nuoiide-s 




^ (I 



Chapter S^l 



Chapter ^ Chapter ^-l Chapter SJ^ le^t 
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Chapter 22 Resource Chart 



as I Ifte conceft of 
roiiec 

30, 3 J>rect evidence 

-f^r isotope,^ of lead 

SSj^ fhstttve. raids' 



5X^.5" Gepooratlri^ Isotop^ 



^ j>6( Mass specl^(^YXxpV\ 



■fbr nuididzs and 

oflPte eiemerifjs and 
iUexr reid^ive ahundenoes. 
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Chapter 22 Resource Chart 
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f6o Lonpj iTrhe inten/al'S 



i^adioadtiva X^tsplacemerit yules 



^S. lhoYn^>C7tns positive, rcu^ pMv^holcKs 



TijjS Mass spectrc^^rxxpl^ 

Lb-Z Aston s' yrxass spectrocyxxph 

TS^ Chart of 1P\e nudide^ 
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Chapter . I^Yvhin^ NudeuS 
KeadSS IS3 ? 



h\}ji[xiVneGis 



OaacAv>hck and 
problem ^emincvr 



vs 

fh:^^-' neutron 



"Read 25.7-5^9 



)maoticns 





Chapter 23 Resources Chart 



5:? I Ihe ^oUenx oftxe, 

S^uctu>m of 1ha dtdryyic nucleus. 
33^ 'The fTYx^ton- electron 

Yiuciear structure 

The. diScoverij of 
artificial trans' - 

Ihe. discovert^ of 
rt?e neutron 



4 
5 



Kxe. proton- r)(>,(Jtrer\ 
WteoriA of 1Pi€. com - 
position of atomic ni4o(e.\ 

<J??^ Ifie neutrino 



9 



y Ift^ need ^or 

particle. occeleYotorg 



Uucieo^ Yeactlorig 



II 10 



Sis 9 ArdficiailiA induced 
jmdioacSuvit^ 



« 13 
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Chapter 23 Resource Chart 



Collisions witPi an uinknown object 
i?5 Ihe. Tracks of nudear^ parTicle^s 
The spark chamber 



f?3 Sorr^e per^crrxc^l notes on IPxe search ^or- It^e neUtron tJeulyr^m det^cX\hn 

-T^e M of paring rrvhl^m ana.loc>u^ 

^,7 Can rir.^ 90 hach^oM? {chad^ck^ problem) 



1?N Models of iPie nucleus 



174- AnUipYvroyxs 



F5S TTie linear o^cc^enxTor 

"Kt Ifte. evolution of ttie. Ojdotivn 

The ouflotinon as seer\ hij " Cem 

Huclear- mojdibns 
1^10 Hy^.Tbntkins la^s CK "Jixpa/uz^e Meoil 

fS3 Positron - eiecXrcn onn'tMatfdn 
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pyx>hlem 

Seminar 




Tlxsion (Xmd 





7 



9 



Chafer Si\ ' Chopfcr^S 



f7 
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Chapter 24 Resources Chart 



54. a The eneraiA of* 
nudear binding 



i 

St 



ma« enerx^ik 
haiance, n r?udear 

discover 

<34- 6 Huclecor ^tssiovi 

recudtidns, 

Nuc/car f(ssrbn 
LoK^e scale ener^Uj 
release and some 
of ife c<>>^ecju6nces 

<34-? Nuclear -fusion 



6 



7 
9 
9 

to 



54-9 FtiS^ioK reaction 
(¥1 stars' 



It 



^4- 
15 



13 



ntAolezxr forces 

54- /1 Ihe. liqu id drop 
mciear model 
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24.. « Ifie si^oll model 
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AJi^AS Siclo^itiaJ and \ 
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^^'5 Cc?nGeri/tiSay\ laws 
. i One Scientist cond his v/ew of Soierice 



Ti)-« Stndtn^ ener^ij Cu^S^ 



L 6-S Crittccii 



i?tSl "fhwck^ from ithe, etars 

dev&loprrierit of the spac« -"frKfi^ 
Viev>/ of quay^^un^ eiec^trodi^y^atnic^ 



^Two models' 
of a cUai^ reaction 



fAoYT \nforrr\cition on 
nuclear -fiSSi'on ayxd fusion 
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'Tasks' ^ CK world WitFicut war 



fbac^ul uses 
' of rxxd ioactm't^ 
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Chapter 24 Experiment Summaries 



E48*. Radioactive Tracers 



Although one sinole autoradiograph 
experiment is described,, the intent' of 
this exercise is to encourage students 
to design their ov;n tracer experiments, 
for which a bibliography of source ma- 
terial IS given. The teacher needs to 
Dlan ahead carefully so that the radio- 
isotopes are ordered in tine and so that 
the necessary equipment for handling 
then^ IS on hand. 

Equipment 

A. For doing the autoradiograph experi - 
ment described here: 

Polaroid film types 57, 4" x 5" OR 
No-Screen x-ray film, 5" x 7" sheets 
Polaroid camera b. r:k or developing 
roller OR x-ray developer and fixer 
radioactive object — radioisotope, 
lump of radioactive ore, lupinous 
'\'atchdial with crystal removed 
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Brief Answers to Unit 6 Study Guide 
Chapter 21 

21.1 (a) The radioactivity of thorium 
was proDortional to the amount 
of thorium, 
(b) new radioactive elop^ents polo- 
nium and radium 



21.2 (a) 

(b) 

21.3 (a) 
(b) 
(c) 

21.4 (a) 

(b) 
(c) 

21.5 (a) 
(b) 
(c) 
(d) 
(e) 



1.2 ' 10"— ]ouxu 
0 . 75 MeV 

5.7 < 10" m 
420 m 
7350:1 

1.0 ' 10 * N/coul 
1.0 ' 10^ volts 
undef lected 



(f) ^ 

(g) r 

(h) a 

(i) ct 



21.6 (a) Radium decayed into radon (a 

gas) which decays into radium A 
which IS deposited on nearby 
objects . 

(b) The residue contained daughters 
of high activitv (short half- 
life) . 

(c) The uranium compound continual- 
ly decayed into more active 
daughters, but daughters m the 
residue were not replaced as 
they decayed. 



21.7 



21.8 



(a) 
(b) 
(c) 

(a) 
(b) 
(c) 



1/2 
3/4 

Assume the products of decay 
were not themselves radioactive. 

graph 

8.31 ^ 10^^ 



5.0 



10-^ 
10" 



atoms 
atoms 



1 3 



30ules/disintegra- 



5.7 ^ 
tion 
45 watts 

^ 10^ dismtegrations/sec 

10"^/min 
10^ atoms /mm 



21.9 (a) 
(b) 

21.10 3.70 

21.11 5.0 

5 ^ 
Yes 

21.12 10% of the 90% or 9% of the orig- 
inal . 

Chapter 22 

22.1 Isotopes of an element have the 
same 2 . 

22.2 Determine if its chemical proper- 
ties are unique, 

22.3 (a) The lighter particles would 

diffuse away from the liquid 
surface more rapidly after 
evaporation, hence fewer of 
them would re-enter the liquid. 



(b) Tho hydrogen isotopes have the 
largest ratio of isotopic masses 
(2-:l) and hence the largest 
ratio of sDeeds (1:>2). 



22.4 (a) 0.054 m 

(b) 5.64 m 

(c) 0.005 m 



22.5 (a) 



^Bi 



. 1 . 



(b) .jBi-^- 

(c) yuPo^-' 



^uPo 



Pb- 



^ e^ 



^He' 



2 2.6 chart, the end product being 
, Pb^^'^.. 

22.7 diagram, ending with .pPb'^^^. The 
alternatives are in the mode of 



decay of ^i^Po 



1 b 



and 



^Bi^ 



22.8 decay diagram, the modes oi decay 
are cx ,^ cx . ;i , a a . 

22.9 4000 years 
25000 years 

22.10 (a) 12.011 amu 

(b) 6.94i amu 

(c) 207.2 amu 

22.11 4.0015 amu 



Chapter 23 








23.1 


235 


IS not 


divisible by 4. 


23.2 


235 
143 


protons 
electrons 




23.3 


(aj 




(b) 


i2Mg^^^ (c) luSi^o 




(d) 




(e) 




23.4 


(a) 


.He^ 


(b) 


3Li^ 




(c) 


,Be8 


(d) 




23.5 


(a) 


Y 


(b) 


Al23 




(c) 
The 


Mg^"* (d) Mg2^ 

same nuclide bombarded by dif- 



ferent particles will yield differ- 
ent products 

23.6 Nitrogen nuclei are an order of 

magnitude more massive than hydro- 
gen nuclei. 



23.7 



1.24 amu 
7.8% 



2 3.8 table 

22.9 (a) 78 (b) 79 (c> 80 

23.10 The missing product nuclide m 
each case is the same; ix^^^'*- 

23.11 description 

23.12 explanation 

23.13 explanation 
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Chapter 24 

24.1 4.95 MeV 

2 4.2 7.0 7 MeV/nucleon 

24.3 opposite directions, 
each with KE of 8.65 MeV 

24.4 absorbed, 
1. 19 MeV 

24. 5 0 .56 MeV 

2 4.6 8.61 MeV 

2 4.7 neutron capture, 
6 -de cay 
B-decay 

24.8 u235. 179Q 

Ba^ ^1 : 1180 MeV 

24.9 208 MeV 

24.10 least loss — spherical 
most loss — flat sheet 

2 4.11 very high KE protons required 

2 4.12 high enough temperatures result 
from the collapse 

24.13 "proof" 

24.14 (a) 4.33 x 10^ kg/sec 

(b) 5.23 ^ 102 3 horsepower 

24.15 (1) (4) ^^1^ 



24.16 released, 
1.59 MeV 

2 4.17 Yes, because the excitation energy 
is greater than the activation 
energy . 

24.18 Yes 



(2) 

(3) 



(5) 
(6) 
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Solutions to Chapter 21 Study Guide 
21.1 

If the Curies had relied only on photographic 
techniques for detecting radioactivity they would 
have been unlikely to discover 

a) that the intensity of radiation from 
thorium was directly proportional to the amount 
of thorium in the sample. 

b) two other radioactive elements (polonium 
and radium) in pitchblende. 

The use of the sensitive electrometer invented 
by Pierre Curie yielded quantitative information 
that greatly facilitated the above discoveries. 



21.2 



a) The energy of a photon 
E = hf = 

- 6.6 X 10"^^ ioule*sec x 3 x 10^ m/sec 

0.016 X 10"^ ° m 
= 1.2 X 10"^ 3 joule 

b) Since 1 eV = 1.6 x 10'^^ joule, 

the energy in (a) is 1-2 10 ^ ioule 

1.6 X 10"^^ joule/cV 

= 0.75 X 10^ eV 
or 0.75 MeVv 



21.^ 

a) ^hcn the dec trie <ind magnetic forco^ ou 
a chari;ed particle are in balance, 



1.0 



qE = Bqv. so K 
."3 N 



10 



= 1.0 X 10' 



amp • r 
amp • sec 



= Bv 

l.O . 10" 



= 1.0 



10^ 



_U 

cou 1 * 



b) The eltctric field stiength is the ratio 
of the voltage to the plate- reparation, £ = ^, 



so V 



Ed = 1.0 
1.0 



10^ 



N 

cou 1 



X 0.10 m 



^0'^f~= 1.0 . 10^ volts. 



c) As can be seen in part (a), the condition 
for balance does not involve the charge of the 
particle but only the spoed; thus the a particles 
will pass through the crossed fields undeflccted. 



21.5 

a) 
b) 
c) 
d) 
e) 



f) 

8) 6 

h) a 

i) a 

j) B 



*The radius of curvature of the y is infinite, 
therefore one could put Y for this answer. 



21.3 



21.6 



a) The magnetic force is a centripetal force; 



Bqv 



R 



so R = 



Bq 



9.1 X lO'^^kg X 1.0 X loVsec 

1.0 X 10"'^N/amp.m x 1.6 x lo'^^coul 

5.7 X 10"^m 



b) In part (a) it is seen that the radius of 
curvature is directly proportional to the mass 
of the particle; so for a particles of the same 
speed as the electrons, the radius of curvature 



= 5.7 



420 m 



6.7 X 10"2 7kg 



9.1 



10'^ ^kg 



c) The radius of curvature of the a particles 
is far larger (i.e., they are less deflected) 
than that of electrons. The ratio of their 



radii of curvature is 



6.7 X 



10"^ \r 



9.1 X 10 



-TT7 



Kg 



7^50 
1 



a) The radiuir decays into radon, a gas 
("emanation"), which diffuses info the surround- 
ing atmosphere. Some atoms of radon will decay 
immediately or nearly immediately to Radium A, 

a solid, which will be deposited on nearby ob- 
jects. Since Radium A and its daughters are 
radioactive, the ordinary objects would appear 
to have acquired radioactivity. Another pos- 
sibility is that the initially nonradioactive 
substances might be transmuted into unstable 
isotopes by radiation from the radium compound. 

b) The uranium compound and the daughters 
which resulted from its decay were separated 

-o two parts — the uranium and the daughters. 
Since the daughters have a shorter half-life 
than the uranium, tae activity of the part con- 
taining the daughters would be greater. 

c) The decay of the uranium would gradually 
lead to a buildup of the daughters in the series. 
Since the daughters have shorter half-lives the 
activity would be greater. On the other hand. 
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tcxv.U, rfcuhtd Ra G (.Mble lead) a .snialK-r 
propoi I jLon of dLv>inj, vouid hv r^id luai L ivc A 
poor analogy mi^ht be ..iih ball^ dropped perioi- 
icallv dov^n d long and irre>;iilar tlii,}u ot ^t.\iv^, 
wc notice the bouncts a^, Lho ball >;l>. Horn one 
step Lo another. If the rate at which balls 
are let loose at thi lop is >,lov (Lht half-life 
is long), the number of bouncob on an initially 
eiRpty staircase (daiuhtt-rs separati'd inui.illy) 
will slowly build up. On th<^ othei hand, if 
the source at tlie top is ^.ut off (no more 
uranium) morf and mort balls v>ill i «. at h ihc 
bottom of the s tail case without replacement so 
the total number of bounces will slowly detiease. 
That oH^' several months arc requiied to approach 
equilibrium is surpiisinv; sircc some of the 
other half- live J are quite lon^u 



21.9 

a) The latt ut mcr^v 1 1 h ast i- ioO vttts, 
or JbO )ouKs/sec. Ihis t orr^ -.pi. n^' . to 17,uOn 
curies . j.7li > U)' - disintegrations, = o.i « 
10^^ disintegrations, 

Ihe eneigy release pei d i s mi t grat ion is 

3bQ 10U K s/ sec 

6.3 ^ 10^** dismtogi at lons/scc 

= 5.? X lO'^^joule/di.smtcgration. 

b) After H >eais, oi] i half-lives, the 3 
i-ato of heat product ion wi 1 1 be 360 watts ^ (~) 
= -♦S watts. 



21.10 



21.7 

a) Since the rate of emission is pioportional 
to the fraction of the sample remaining, on.- -ha If 
of the original number will remain after 25 hours. 

b) Since one -quarter of t-ie original number 
will remain after 50 hours, three-quarters will 
have disintegrated. 

c) We have ass-inied that the radioactive sub- 
stance did not decay into daughter products that 
are unstable and contribute to the J-' -tiiiission. 
To chock this possibility one would have to sep- 
arate the daughter products by chemical means 

and determine whethei or not they were radioactive. 



'Ihe activity is 10 microcuries, or 10 10"*^ 
curies,^ which is 10''^ curies ^ 3.70 > 10^^ disinte 
g rat ions per curie per second = 3.70 " 10 disinte 
grat ions/ sec . 

21.11 * 



21.8 

a) . 



The half-life, T, can be obtained from a graph 
of the data (see above curve; also below).- For 
example, it takes about 2.3 houi s (138 min) for 
the counting rate to drop from 8000 counts/min 
to 4000 counts/min. To drop from '+000 counts/min 
to 2000 co'ints/min requires about 2,'^ hours 
(138 min). To drop from 2000 counts/min to 1000 
counts/min again requires about 2.3 hours (138 
min). Thus the half-life appears to be constant 
at about 138 min. 



b) 8000 years = 5 half-lives 

= N^(j)' = 2,66 X io2 1(i-) 



8000 yea»*s " ' o'^2^ 



= .0831 X 10 
= 8,31 X 10^9 atoms, 

^> ^000 years ^ ^ ^ 

= 5,0 ^ 10^° atoms. 



The decay rate can be computed from 
^T = 0,693 



138 ^' 



10-Vmin. 



Since \ is the fraction of any sample of atoms 
that decay per minute, a sample of 10^ atoms 
1- - c ^^1^3 



Vmin X 16^ 



10-^ atoms 



will have 5.0 ^ 10 
decaying each minute 

Yes, the number of atoms decaying/per minute for 
every 10^ atoms In the sample does remain constant. 

702 " 



If 10% of the sample decays in the first 10 
years, 10% of the remaining 90% decays in the 
next. 10 years: 10% of 90% is 9% of the original 
amount . 
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Solutions to Chapter 22 Study Guide 
22. I 

The chemical properLit'^ of an e lement arc 
dotermiiu'd hv it^ clcclron con f i^^ural ion , ^shicb 
in turn is dot ermincd by the aLomic iMimbt-i Z. 
1\w I'^otopc. of an elcnuiit hav*^ th( ^arnt Z and 
htiKO the same Lh(^nacal pM>pr»rtlts. 



22 2 

If the apparent Iv neu element had (.heiuical 
properties diff*^re>U Ironi those of any kno^'n 
element, then one could bt certain Miat the 
oloment deserved a separate place m the p(rio()ic 
table. If, on the other hand, it .%'as found to 
have chemical properties identical to those nf 
a known element (although havinv^ a slightly 
different mass than the known element) then if 
could be regartieJ as an isotope of the known 
c K»ment . 



22.3 



b) I) 



208.0 



' 0 ^ 
07.0 



1 ,00(1 ni - S ,640 in 



1.00(1 n, 



- 208.0 
~ 0.9^50 m 

'Uit separation is theielore 1.000 m - U.9930 m 
- 0.005 m. Note that if l\\v division is to hv 
donv on a slide rule, a more accurate ans^Nor can 
be obtaiiuo as follow.s b\ using the fact that 

— - — = 1 - \ when x «- < 1 . 
1 + X 

llie sepaiation is 1.000 in 
1 



207.8 
208.0 



KOOO m 



1.000 V 



208.0 
207 .0 



a) Although the rate of escape from the sur- 
face would be the same for both, (e. scape requites 
a certain amount of w ork against cohesive forces, 
and so depencis on KE, ni-t speed pL i sec) the 
lighter and hence faster particles would diffuse 
away from the surface more rapitily after escape, 
and so have a lower probability of re-entering 
the surface. 

b) The hydrogen isotopes have the largest 
ratio of Isotopic masses (2:1) and hence the 
largest ratiw of speeds (l:/7). Separation of 
the hydrogen isotopes by evaporation theref ore- 
proceeds more rapidly than separation of isotopes 
of other elements. 



22. A 



The magnetic force is the centripetal force, 

n mv^ . , 
so Bqv = thus 
K 



R s= — , and so R « m. 
Bq' 



3 b 


Diam^ ^ 

3 J 




^37 


Diam^ y 






34 


97 


1.000 


m 36 


97 


■^35 = 


0.9460 


X 



(See Table 22. 1) 



Therefore, the separation is 



- 1.000 m 



1.000 + 1.0 

207,0 



= 1.000 m - (1.000 



1.0 



207 .0 



■) n, 



~ I'J^ ^ ni; tliis <livision can be accurately 
20/. 0 

done on a slide ruh^ to vie Id 0.0048 m. 



22.3 

a) ^ ?W ^ Bi^' 



(Since t he mass number d idn' t change, the 
transmutation was duo lo beta decay.) 



b) 



Br ' ^ 



■ 1 



In a beta decay, the atomic number increases 
by one but the mass number remains unchanged. 
The product nucleus here then has Z = 84 and 
A = 212. Reference to a list of elements or 
periodic table, such are shown on the preceding 
page, shows that the element with Z = 84 is 
oolonium. 



c) . .Po 



2 1 2 



M 2 



Pb 



2 0 8 



+ ^He^ 



The atomic number of lead is 82, the atomic 
number and mass number of the init ia 1 nucleus 
must therefore be 84 and 212, As was seen in 
part (b) , the element is polonium.> 



^3 7 " ^3 5 " ^ ' ^'^^^^ 

= 0.054 m 

or 5.4 cm. 
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22.6 



Actiniuni Series 
New_Symbol Decay Made 



2 3 ' 



Th 2 3 1 
3 0 ^" 



a (2 He'*) 
t ( ,eO) 



9 : 



Pa 



2 3 1 



AC 



90 



Th 



2 ? 7 



Ra 



2 ? 3 



Po21 ' 



82 



Pb 



2 1 1 



2 1 1 



XI 207 



: 0 ; 



a 
a 
a 

a 

St able 



22.7 



90 



Th 



nTh' 



2 2 8 



.a 6 



8V 



8 3 



Bi 



2 1 



cx 



8 5 



At 



2 1 C 



I 



& 1 



Tl 



2 08 



82 



Pb 



20 8 



(The decay route through 8 2^^^^^ is much more 
common than through gsAt^l^. The other case of 
branching is unusual in that the two decay routes 
are both common; ^ jTl^O^ is formed 33.7% of the 
time and e^Po212^^s formed 66.7% of the time.) 



22.8 



9*4 



9 2"'''-^9 0Th"5z:l! 8 8"^"' 



91 



Pa 



2 3 3 



22.9 

The percentage of the original activit> at 
the time of measurement is ^ 100% = 60%. 

Referring to the radioactivity decay curve on p. 
2^4, it can be seen that 60% corresponds to a 
time of approximately 0.7T or 0.7 v 5750 yr, 
which is about 4000 years. 

An activity of 1.0 beta emissions per minute 
per gram of carbon is x 100% = 6.5% of 

the original activity. From the curve on p. 24, 
this activity is seen to correspond to a time of 
nearly 4T, or 25,000 years. 



22.10 



The average atomic mass is the sum of the 
products of relative abundance and isotopic mass 

a) For carbon,- the average mass 

A = 0.9889 X 12.000 + 0.0111 ^ 13.00 

= 11.867 + 0, 144 

= 12.011 amu (five significant digits 
are justified because 0.9889 is accurate to 1 
part in 10,000) . 

b) For lithium, the average mass 

A 0.0742 X 6.015 + 0.9258 x 7.016 

= 0.446 + 6.495 
= 6.941 amu 

c) For lead, the average mass is 

A = 0.0148 X 203.97 + 0.236 x 205.97 

+ 0.226 X 206.98 + 0.523 - 207.98 
= 3.02 + 48.6 + 46.8 + 108.8 
= 207.2 amu 



22.11 

The mass of the alpha particle can be found 
by subtracting the mass of two electrons from 
the mass of the helium atom: 



- 2 



= A. 00260 amu - 0.0011 amu 

= 4.0015 amu. 

Note—the actual mass is slightly larger than 
the amount obtained by simple subtraction because 
of the transformation of binding energy to mass. 
The difference is negligible though, because the 
mass equivalent of the binding energy of an 
electron is of the order of 10*^ amu. 
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Solutions for Chapter 23 Study Guide 
23.1 



23.5 

(a) Al^" + n' y Al''' + y 



Since the mass number of 92^"^^ exactly 
divisible by 4 (the mass of an a particle) It Is 
hard to see how a nucleus could be made up of 
only electrons and alpha particles. Also,- by 
the uncertainty principle,- the electrons could 
not exist in the nucleus. 



23.2 

According to the proton-electron hypothesis, 
the nucleus represented by 92^^^^ would be com- 
posed of 235 protons; 235 - 92 = 143 electrons. 



Since Z does not change (AI » Al) and since 
mass numbers already balance, only a Y ray (no 
charge, no mass) can result. 



(b) Al2 7 + 



Since Z^j + 1 = Z^^ + 1, the resu]t.ing nucleus 

must be aluminum. Total mass number on the left 

side is 29 (27 + 2) = toial mass number on right 

side. So A,, + 1 = 29 and -^e have Al^^. 
Al 



(c) Al^^ + y 



^He' + Mg^'* 



23.3 
(a) 



38'^ 0 + ^He'' 



Since mass number is conserved, 4 + 10 = 14, 
14 - 1 = 13 , Since nuclear charge is conserved^ 
5 + 2 = 7,"~7 - 1 = £. So Z = 6, which is the 
atomic number of carbon. 



(b) 1 jNa^ 3 + ^He 



2Mg2 6 + J H 



For mass number; 23 + 4 = 27, 27 - 1 = 2^. 
For nuclear charge; 11 + 2 = 13, 13 - 1 = 
Z = 12 is the atomic number of magnesium. 



(c) 



1 3' 



A127+ ^HeV 



Si3 0 + ul 



For mass number; 27 + 4 = 3 1 , 3 1 - 1 = 30 . 
For nuclear charge; 13 + 2 = 15 , 15 - 1 = 14 . 
Z = 14 is the atomic number of silicon. 



Since the particle input on the left has 
charge 1 and the particle output on the right 
has charge 2, the nucleus on the right has one 
less positive charge than the nucleus on the left: 
move one place toward hydrogen in the periodic 
table. The nucleus must be magnesium. 

Alternatively, 2^^ = 13 so 13 + 1 = 14; 14-2 

= 12 and Z^, = 12. 

Mg 

For mass number: 27 + 1 = 28, 28 - 4 = 24 



(d) Al^^ + 



pHe"" + Mg2 5 



By the reasoning of (c) , the nucleus is 
magne sium. 

Mass number: 27 + 2 = 29 , 29 - 4 = 25 

The same nuclide bombarded by different par- 
ticles will yield different products. 



(d) i6S32 + 2HeV 



17C1^^ + iH^ 



23.6 



For mass number; 35 + 1 = 36, 36 - 4 - 32. 
For nuclear charge; 17 + 1 = 18, 18 - 2 = ^. 
Z = 16 is the atomic number of sulfur. ~ 



(e) 



1 9 



k37+ ,He' 



For mass number; 42 + 1 = 43 , 43 - 4 = 39 . 
For nuclear charge; 20 + 1 = 2 1, 2 1 - 2 = 19. 
Z = 19 is the atomic number of potassium. 



23.4 



(a) 3Li^ + iH^ 



2He'* + 2He3 



mass number: 6+1=7; 7-4=3 

nuclear charge: 3+1= 4; 4 -2=2 

(2He3 is a rare isotope of helium, natural abun- 
dance = 0.00013%) 



(b) 



^Be^ + ,H 1 



(c) ^Be^ + jH^ 



^He"* + .Li^ 



rBe^ + , 



Since nitrogen nuclei are about 14 times more 
massive than '^Catrons, if the neutron were to hit 
the nitrogen nucleus and stop dead in its track, 
the nirrogen nucleus would have a velocity of 
only 1/14 X the original velocity of the neutron 
v^.^ Actually, the neutron rebounds somewhat, 

but its velocity of rebound cannot be greater 
than its initial velocity or energy would not be 
conserved. Thus the momentum given the nitrogen 
nucleus must be less than twice the original 
neutron momentum, and the nitrogen nucleus must 
have a velocity less than 2(1/14 of the original 
neutron velocity) . We can see then, without 
calculating the actual velocity of the nitrogen 
nucleus, that it must have been between 1/14 and 
1/7 the original neutron velocity (i.e., an 
order of magnitude less). But since the neutron 
and proton have nearly the same mass, a complete 
transfer of momentum from neutron to proton would 
give the proton very nearly the same velocity as 
the original velocity of the neutron. Thus, the 
nitrogen nucleus will have a velocity an order 
of magnitude less than the proton's velocity. 



(d) 



5Be^ ^ + 2HeV 



7N^'* + 
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23.7 

From page 61 , 







+ 


m 

n 




m 

P 


+ 


m 

n 




m 

r. 


+ 






m 

n 


+ 


1 


SO 










m 

n 


+ 






5.8 


m 


n 



SuDstituting for known 
masses and speeds: 

3.2 X 10^ c.^ /^oc. 

4.7 X 10« cm/sec " ^'^ 



= 6.8 (m + 1) 
n ' 

U - 6.8 = 7.2 
= 1.24 amu 

Difference in mass: 1.24 - 1.16 = 0.08 amu. 
Percent difference 

0.08 , 

ThuR, a difference of measurement of J/o is 
multiplied in the calculation to a difference 
of 6.9%. 



23.8 





A 


Z 


protons 


neutt 




1 


1 


1 


0 




2 


1 


1 


1 


He** 


4 


2 


2 


2 




7 


3 


3 


4 




13 


6 


6 


7 


y238 


238 


92 


92 


146 


2 3 


234 


90 


00 


144 




230 


90 


90 


140 


Pb2m 


214 


82 


82 


132 


Pb206 


206 


82 


82 


124 



23.10 

(a) ,jNa2^ + ,H= ,H ' + , ^Na^ " 

For method of solution see SG 23.3, 

(b) i^Na23+ ^n^_^ Y + ^^Na^'* 

(c) ,^Mg2'*+ ^n^ ^ + j^Na'^'* 

Notice that the nuclide i iNa?** can be pro- 
duced in at least four ways. Of course, the 
reactions noted are not unique. When bombarding 
1 iNa with neutrons, for example, the major 
product varies with the neuLron energy and, even 
with single^energy neutrons, more than one type 
of product may resalt. (The target, after all 
contains many more than one nucleus of ^Na^ 3 ) 



23.11 



When a target of the aluminum nuclide with 
mass number 27 is b:)mba:ded by neutrons, the 
neutrons react with the aluminum to produce a 
magnesium nuclide uith mass number 27 and an 
ejected proton. The magnesium nuclide is radios 
active, undergoing beta decay, accompanied by 
emission of a gamma ray and an anti-neutrino. 
The half. life of the artificially radioactive 
Mg nucleus is 9.5 minutes.> 



23.12 



Assume that the tracks originate at the point 
marked A:, the law of the conservation of momentum 
require.^ that the vector sum of the momenta of 
the two particles be equal to the momentum of 
the neutral particle that 'exploded' at point A. 

A similar argument holds if the tracks termi- 
nate at A, except that in this case the neutral 
particle (which leaves no track) goes off in the 
direction determined by the vector sum of the 
momenta of the particles that combined at A. 

23.13 



23.9 

(a) 78 (b) 79 (c) 80 



The existence of artificially radioactive 
nuclides simply provided much more data on un- 
stable (radioactive) nuclides. There are only 
54 naturally occurring radioactive nuclides, 
i.e., only 54 test cases for theories of nuclear 
stability. Most of these are heavy nuclides 
The manufacture of 1200 artificial nuclides 
which span the entire spectrum of mass number 
and charge made possible far more sensitive tests 
of theoretical prediction. 
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Solutions to Chapter 24 Study Guide 
24.1 



Tho mass of the neutron added is 1.008665 amu, 
whereas the mass of ^ Q^^jy greater than that 
ot C^- by 1.003354 amu, jie discrepancy in mass 
(oflCMi called the "ma,ss d' feet") of 0.005311 amu 
is equi;alont to 0.005311 amu x 931 NeV/amu = 
4.95 MeV, and represents the bindin>; energy of 
the neutron. 



24.2 



The sum of the individual masses of the 2 
protons, 2 neutrons and 2 electrons comprising 
the helium atom is 2 x (1.007276 + 1.008665 + 
0.000549) amu = 4.03298 amu. Since the atomic 
mass is only 4.00260 amu, there Is a mass dif- 
ference of 0.03038 amu, which i^ equivalent to 
0.03038 X 931 MeV/ amu = 28.3 MeV. Therefore, 
the average binding energy is 28.3 MeV/4 nuc Icons 
= 7.07 MeV/nucleon, 

(Ihe Dinding energy of the two electrons was 
ignored — it is only 13 eV per electron.) 



24.3 

By the law of the conservation of momentum 
the two a particles will fly off with identical 
speeds but in opposite directions. Their total 
KE is calculated on p. 87 to be 17.3 MeV, thus 
they would each have a KE of 8.65 MeV. 



24.4 

The total atomic mass of the reactants Is 
14.003074 amu + 4.002604 amu = 18.005678 amu. 
The total atomic mass of the products is 16.999134 
amu + 1.007825 amu = 18.006959 amu. Since the 
products have a greater total mass than have the 
reactants, energy must have been absorbed in the 
react ion. 

The mass difference is 0.001281 amu, which 
is equivalent to 0.001281 amu y 931 NeV/amu = 
1.19 MeV. Thus, 



^N^** +^He'* + 1.19 MeV. 



b017 + iHl. 



24.6 

The total atomic mass of the reactants is 
14.003074 amu + 2.014102 amu = 16.017176 .'.mu. 
The total atomic mass of the products is 
15.000108 amu 4- 1.007825 amu = 16.007933 amu. 
The mass difference (mass defect) is thus 
16.017176 amu - 16.007933 amu = 0.09243 amu. 
The energy liberated is 0.0924) amu - 9J1 
NeV/amu = 8.61 MeV. 



24.7 



We consider three successive steps. 

1. Addition of a neutron. This changes 
the total number of nucleons by one, but does 
not change tho charge number. 



Jh' 



,2 3 3 



(neutron capture). 



2., -decay. The total number of nucleon.s 
remains the same. A neutron changes to a proton 
with i^-decay, i.e.. the emission of an electron. 
This enhances the charge number by 1. 



00 



Pa2 3 3 ^ 

-1 



3. Another 6 -doc ay gives the final transi- 
tion to q o ^ ^. 



24.8 

From the figure we find approximate ly:- 

B.E. per nucleon for Ba^ ^ = 8.4 MeV 

B.E. per nucleon for Kr^ ^ = 8.7 MeV 

B.E- per nucleon for ^ ^ = 7.6 MeV. 

The total binding energy Is found In each 
case by multiplying by the total numbe*" of 
nucleons In the nucleus. Thus we have 



total B.E. of Ba 



lU 1 



= 8.4 X 141 = 1180 MeV 

total B.E. of Kr^^ 

= 8.7 V 92 = 800 MeV 



24.5 - 

As calculated in the prededlng question, 1.19 
MeV is required to promote the reaction. If we 
subtract this from the KE of the ct particles, the 
amount of energy lemalning will represent the 
total KE of th» reactants (we assume that the 
N^** target is stationary). Thus, 7.68 MeV - 1.19 
MeV = 6.49 MeV is t:he total KE of the reactants. 
The "recoil" energy of the 0^ ^ nucleus Is then 
the difference between 6.49 MeV and 5.93 MeV, 
or 0.56 MeV. 



sum = 1980 MeV. 

total B.E. of U^^^ 

= 1790 MeV. 

The energy released In the reaction Is equal 
to the difference of the total binding energy of 
the products and the total binding energy of the 
Incident particles. I.e., 

= (1980 - 1790) MeV 

= 190 MeV 

- 200 MeV. 
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24.9 

U''^ ' 235.04393 amu 



,1. 



1.00867 amu 



sum = 236.05260 amu 



Lai 3 9. 138.9061 amu 
Mo^5 >: 94.9057 amu 
2 n*:. 2.0173 amu 



sum e 235.8291 amu 

mass acfect = 0.2235 amu 

Binding energy = 0.2235 amu x 931 MeV/amu = 208 
MeV 



24.10 

A given mass of fissionable material will 
lose the least number of neutrons through its 
surface if it is spherical In shape. Any other 
shape would mean a largei' surface area and hence 
a larger loss of neutrons. 

The neutron loss would be greatest If the 

material were formed Into a thin flat sheet; 

the thinner the sheet, the larger the surface 
area and neutron loss. 



24.11 

The high temperatures are required for fusion 
to commence because the kinetic energies of the 
protons mu.st be great enough to overcome the 
electrical repulsion between them. 



24.12 



As the vast clouds of hydrogen collapse 
gravltationally, the gravitational potential 
energy of the particles Is transformed Into 
kinetic energy. Eventually the contraction 
results In particles of sufficient kinetic 
energy to Initiate fusion reactions. 



24.13 



The net result of the proton-proto^ chain 
is given as 4 jH^_». ^He^ + 2^^e0^ 

(Note that to be complete, we should also show 
2 neutrinos on the right-hand side of the 
equation.) Since we are to show that the energy 
released per cycle Is about 26 MeV, we are only 
interested In 2 figure accuracy. Therefore we 
can simply deal with atomic masses and Ignore 
the mass of the electrons and positrons. The 
mass defect Is then 

4 (1.007825 amu) - 4.002604 amu 
= 0.028696 amu. The corresponding 
energy release = 0.02870 amu x 931 MeV/amu 
= 26.7 MeV.^ 



24. 14 

a) We can use the Einslem relation ¥» — Ainc* 
to calculate the rate of mass loss in thi sun. 



Am 



^ E 3.90 y 10^^ lOuU-s/sec 

~ c2 " (3 . lO'm/soc)-' 

= 0.433 ^ 10^ ° kg/sec 
= 4.33 X 10'^ kg/soc 

b) 3.90 ^ 10''^ joulos/soc Is 3.90 • lo" watt^ 
This is equivalent to 3.90 x 10' ^ watt.< 



,.46 watts /hp 



5.23 ^ 10' horsepower. 



24.15 

The completed six steps of the carbon cycle 
are as follows 



eci2 + 




' ;N13 + Y 










iH 








' BO'' + y 










Hi 





24.16 

The total atomic mass of the reactants Is 
3.016030 amu + 4.002604 amu = 7.018634 amu. 
The mass difference Is 7.018634 amu - 7.016929 
ama = 0.001705 amu. Therefore, the energy re- 
leased Is 0.001705 amu x 931 MeV/amu = 1.59 MeV. 



24.17 

mass of U2 3 3 - 233.039498 amu 
mass of n^ «= 1.008665 

mass of U^^^ + n^ « 234.048163 
- mass of U2^'*= 234.040900 



mass defect = 0.007263 amu 
excitation energy = 0.007263 amu x 93 l MeV/amu 



= 6.76 MeV, but the 

activation 

energy of U^^'*^ 4.6 MeV; thus, since the 
excitation energy Is greater than activation 
energy, ga^^^^is fissionable with slow neutrons. 
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26.18 



mass of Pu^^l = 261 .056711 amu 



SS of 



1.008665 



tot.-^l mass « 262.065376 
- mass of Pu^^?= 262.058710 



mast> defect 



0.006666 amu 



cxcitarton energy z 0.006666 ^ 931 MeV 
= 6.20 McV. 

Since the activation energy is only 5.0 MeV, 
Pu^^l il fissionable with slow neutrons. 
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Prologue 
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Prologue 

In unit 5 we nave discussed a nun»ber 
of experimental results vh ich led to the 
cor. struct ion of a rr\o;:el for tne atom, 
in particular we have lookea at the re- 
sults of spectroscopic raeasurements . 
For ir.any years an enornous amount of 
spectral aata were taken for many dif- 
ferent gases; Balmer's empirical rela- 
tion qave this data an order which had 
to be explained by postulated models.- 
v;e accepted Bohr's postulates because 
they led to a mouel for the hydrogen 
atom from which predictions checked with 
the known experimental data. The Kyd- 
bercj constant — originally found purely 
experimentaJ ly — could now actually be 
calculated . 

This approach of constructing a model 
to explain the experimental data can be 
used for the nucleus as well as for the 
atom. In this Unit we shall discuss 
some of the experimental results of nu- 
clear physics just ds we discussed 
experimental results of aton\ic physics 
in Unit 5. The problems are, however, 
very much more difficult. While the 
size of the atom is of the order of 
10"^^ m, t:he nucleus has a diameter of 
t:he order of 10"^** m. The energies 
involved on t:he atomic scale were rela- 
tively low — the ionization potential of 
hydrogen is -13.6 eV and the work func- 
tion of most materials for the photo- 
electric effect is only a few electron 
volts. X-ray energies go up to a few 
thousand electron volts; all of t:hese 
energies can be produced wit:hout too 
much difficulty in t:he labors tory. 

The energies of particles mside the 
nucleus are several million electron 
volts or higher. The production of such 
energies is very difficult, and requires 
machines which appeared only gradually. 
As a result of these and other difficul- 
ties we are not yet in a position to 
postulate a nuclear model which will ex- 
plain all of our experimental results. 
Although the practical applications of 
nuclear physics have increased at a 
very rapid rate during the last twenty 
years, our understanding of the detailed 
structure of the nucleus and the role of 
the so-called fundamental particles is 
far from complete. 

v;e therefore present some of the ex- 
perimental facts of nuclear physics with 
a few possible explanations. But the 
end to the story — the end to Unit 6 — 
has yet to be written. 

In Unit 6 we apply a number of con- 
cepts discussed in earlier units — 
some of these are really threads through- 
out the stuuy of physics. Our a and 6 
particles follow the dynamics discussed 
in Unit 1. Conservation of energy 'and 



^ass) as veil as coriSurvation of mor.en- 
tum (Unii 3) are used throughout this 
Unit. forces on chargea particles m 
mao.'iet ic f leics (Units -l and b) once 
aqain play an important role . The stu- 
dent should be aware tha*- he now applies 
principles, already stuc .ed, to the nu- 
cleus; there are relatively few new 
concepts in this Unit. 

Sec. 21.) Becquerel's aiscovery 

The story of Becquorol's discovery is 
an exciting one, and probably little 
teacher explanation will be required. It 
would be useful to point out examples of 
fluorescence, such as fluorescent lights 
the face of a TV tube, etc. It is also 
useful to emphasize tliat phosphorescence 
IS similar to fluorescence, t:he differ- 
ence being that phosphorescence involves 
a time delay between the absorption of 
radiation and the subsequent re-emission. 
The word phosphorescence is unfortunately 
also used to describe the light emitted 
by small marine organisms (bio- lumines- 
cence) . That there are two different 
uses of the term is worthwhile mentioning 
to the students. 

The discovery of radioactivity by 
Becquerel was a kind of serendipic re- 
sult, since he was looking for something 
quite different when he began. The 
question as'.ed on the margin of page 7 
IS an important one, and shciuld not be 
overlooked in class discuss ion. This 
IS good practice in the understanding 
of what IS meant by "evidence , " and how 
evidence of different kinds must be 
carefully sorted out by scientists. 
Sometimes, the leap to a general infer- 
ence pays off (as m the case of modern 
genetics) ; sometimes, it leads to great- 
er confusion . 

Sec. 21,2 Other rodiooctive elements ore discovered 

Here is an opportunity to give your 
students a feeling for two things: 1) 
the tremendous progress in the technol- 
ogy of laboratory equipment, and 2) the 
ability of research to exist and succeed 
under the conditions of minimum technol- 
ogy. 

You could point out to your students 
that the Curies worked under conditions 
that would repel the average graduate 
student in science today. Their "labora- 
tory" was 3ust a shed with no heat, and 
their equipment was far poorer than that 
found in most junior high school science 
laboratories today! Nevertheless / they 
were able to carry out experiments of 
high sophistication and to make fairly 
exact measurements. Since they were 
chemists, their approach to the job of 
finding the source of the mysterious 
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beccuerel rays was a cnemcal one — that 
IS, they used the technique of reducing 
radium ore as far as possible, until 
tney arrivea at the non-reducible sub- 
stance:- radiun. Though it is not too 
pertinent until later m the Un - 1 , you 
miqht indicate at this point that the 
energ.es involved m the chemical pro- 
cesses of reduction were very, verv 
small, compared to the energies inherent 
m the radioactive atoms themselves.- 

Since their major quantitative instru- 
ment was essentially a rather sensitive 
electroscope, you might refer back to 
the Unit on electricity to remind your 
students about how electroscopes work, 
and how they can be used as measuring 
instruments. You might ask: is it ^ust 
sheer luck that the amount of ionization 
produced by a "Becquerel ray" is directly 
proportional to the deflection of the 
charged electroscope leaves? 

Another interesting point about the 
work being done during this time on both 
X rays and radioactive substances was 
the complete lack of knowledge of the 
biological effects of radiation. Pierre 
Curie carried samples of radium in glass 
vials m his pocket; after his death, 
his skin was found to have burn marks m 
that area. Until the invention of bet- 
ter tubes — notably the Coolidge tube 

x-ray photos were made with very long 
exposures without any thought about the 
damage caused to cell structure. Even 
as late as the 1940 's and early 'SO's, 
there were x-ray machines ( f luoros copes ) 
in shoe stores, and any child could have 
"fun" by irradiating his feet! 

You could recommend the famous bio- 
graphy of Mane Curie (see Student Ac- 
tivities) to interested students; most 
libraries have it. Often, the famous 
movie based on this book is shown on the 
"early" or "late" show on television. 
If there are girls m your science class, 
they might be interested in knowing that, 
despite her unique and international 
fame, the French Academy of Sciences 
refused to elect her (she missed by one 
vote) — an interesting comment on the 
attitude toward women as scientists at 
that time. (You might ask your class 
to find out if that attitude has under- 
gone any change during the last 60 
years . ) 

A pertinent aiticle is: "The Early 
Years of Radioactivity," by G. E. M. 
Jauncey, in the American Journal of 
Physics , V. 14, pp. 22S-241, (1946). 

Sec. 21.3 The penetrating power of fhe 
rodiotion: g , g and Y roys 

If your students inquire further about 
the meaning of tne word "range," when ap- 
plied to the distance traveled by radio- 
active emanations, you might explain that 



the ^ess penetrating ones — the particles 
ti^at are charged — give up their onorqy 
gradually as they go along; for example, 
an alpha particle m air loses about 35 
eV for each ion-pair formed, until all 
Its KE is gone; it then captures 2 elec- 
trons to become a helium atom. (You 
might ask your class how many lon-pairs 
Will be formed in air by a 6 MeV alpha 
particle.) In the same way, the energy 
of a beta particle is absorbed; however, 
beta particles have a much v/ider range 
ot energies than do alpha particles or 
camma rays. 

Gamma reys , on the other hand, do not 
ionize air molecules casually as they go 
along and so do not lose their energy 
gradually. A gamma ray photon is removed 
from the beaip in a single event — by photo- 
electron absorption, electron scattering 
or pair-production. 

5ec.21.4 The identity of grays: Rutherford's "mousetrop" 

It is worth mentioning to your students 
that the separation of a, 6 and y rays 
Illustrated b> Fig. 21.1 is, of necessity, 
greatly exaggerated. (Students doing 
SG 21.3 will discover that if a and i< 
particles erter a given magnetic ^.ield 
vith the same speed, the ratio of their 
radii of curvature would be 7350:1.) 
Note that at the bottom of p. 16 it is 
stated that "The niagnitude of the deflec- 
tions suggests that a particles have a 
much larger momentum than the 6 particles." 
The other possibility to note is that a 
particles are deflected much less than 
6 particles because they have a much 
smaller charge. Independent measures of 
the charge indicated tliat such was not 
the case. Students will realize that the 
greater momentum of the alpha particle 
could be due to either a greater mass or 
to a greater speed. The greater momentum 
was found to be primarily due to qreater 
mass . 

21.5 The charge and moss of g ond y roys 

Students will be mucli aided in their 
understanding of Rutherford's ingenious 
"mousetrap" by a brief teacher-lea dis- 
cussion based on transparency T-41. 

Sec. 21.6 Rcdioactivft tronsformotion 

Though it is correctly pointed out 
in this section that the establishment 
of alpha and beta rays as particles 
coming out of atoms — thus breaking down 
the earlier idea that atoms were "un- 
cuttable" — ^you mignt want to point out 
that the discovery of cathode rays was 
also a step m this direction. When 
Thomson measured e/m for the electron, 
his empi-ical work provic ed the basis 
for an atom model made of two separate 
parts. However, you might then ask: 
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"What IS tne difference oetween the 
electrons of cathode rays ana the elec- 
trons which are beta rays, m terms of 
their places m the model of an atom?" 

The discovery that radium released 
heat as part of its raaioactivity has 
had technological consequences. You 
can refer your students *to the photo of 
the SNAP generator on page 3 of the 
text, to see how the heat eneigy result- 
ing from a nuclear event can be trans- 
formed to do useful work.' You can ac- 
quire additional information about SNAP 
m two publications; Power from Radio - 
isotopes , and Direct Conversion of Ener - 
gy , by writing to 

U. S. Atomic Energy Commission 
P. 0. Box 62 

Oak Ridge, Tennessee 37830. 



decay during any given half- life. Of 
course if the sample size is oKtremely 
small, large fluctuations from the pre- 
dicted decay are likely. 

Note that the mathematics of the decay 
has been set aside on a gray page, p. 26, 
and will be appropriate reading only for 
those students who are particularly^ math- 
ematically inclined. 



It ought to be emphasized that the 
proposal of Rutherford and Soddy that 
there was a transmutation of elements 
m the radioactive series was a very 
bold step, and that their idea was an 
exciting breakthrough If the loss of 
an alpha or beta particle from an atom 
meant that the result v/as a different 
atom, that difference had to lie in a 
change m the nucleus . Recall the nu- 
clear atom model proposed by Ruther- 
ford — from where else could an alpha 
particle emerge? 

Sec. 21.7 Radioactive decoy series 

The uranium-radium series given in 
Table 21.1 can be most effectively dis- 
cussed by referral to T42A. (The term 
half-life is not defined un*:il the next 
section; it would be useful to briefly 
mention its meaning in class and to 
point out the tremendous range of half- 
lives listed in Table 21.1.) Discourage 
students from attempting to learn in de- 
tail the decay sequence described on p. 
22,^ It is important to understand the 
kinds of transformation that take place, 
but specific examples are for illustra- 
tive purposes only. 

Sec. 21.8 Decoy role and half-life 

The radioactivity decay curve framing 
p. 24 IS a natural focus for class dis- 
cussion of this section. If students 
understood what is meant by half-life, 
they will have little difficulty under- 
standing the shape of the decay curve .> 
They might have trouble though if they 
don't realize that thcj units of time on 
the horizontal axis are "half- lives " , 
i.e., that T represents the half-life of 
a radioactive substance. It is important 
to emphasize that knowing that 50% of a 
sample will decay during its half-life 
does not imply the t we have any way of 
predicting which a oms of the sample will 
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Sec. 22.1 The Concept of Iso topes 

It rjL^Gt rctivate your rfLucor.ts to 
i"cal-.^e that .VI tr. Lnis ciux^ter tne/ are 
:joir.'; to oegir* ur.v^t:rstci:.v.in j a paysical 
^ .or.orenor. tnat for o.ur.ureds of years 
was the jrear of r.ar.y ner. . Ancient^ 
T.Csiieval, and renaissance alchemsts 
spent their lives hopelessly searc'^.ir.cj 
for tne "philosopher's stone/' the 
unique substance that voulu enable one 
to change one metal into anotner (pref- 
erai^ly iron^ lead/ or r.ercury into* sil- 
ver or nola) . Ra'^ioactivity anJ the 
concept of th.e nuclear ator:. , m tnis 
sense, are tne 'philosopher's stone" 
of mocern physical science, for tnev 
provide the key to unc.: erst anting ho-»; 
tne a to IS of one c;:e.':iical elenent can 
r>e transr.uted into tne atons of another. 
Perhaps one or two interested students 
v;ould like to look into the history of 
alcheny. A fascinating joook on this 
subject IS Through Alchor-.y to Cnemistry , 
by John Read, Harper Torchbook ^361 . ^ 
Anotner good source is Tne historical 
Background of Chemistry , oy Henry M. 
Leicester, J^. Wiley Science Editions, 
1965/ a paperback. 

Sec. 22.2 Transformation Rules 



d ! mal c.'iecK, point o^t tiiai t:;e 
earth's crust is lua^e up r.ostiy of such 
3tai;lp r.uclei as C , '< , an.; - Si 
Can tnase nuclei eacn :^e ^.uviued into 
a unole nur,:.'er of alpha particU^s? 

Sec. ^^.3 Direct Evidence for Isotopes of Leod 

This section provide a vjood oppor- 
tunity to emphasize what it is about 
the isotope=> of an element that enables 
us to say that they are m fact varie^ 
ties of the same element. \<i\at is it 
about the four isotopes of lead that 
makes them chemically identical? Of 
course it is the atomic numi:)er 82 that 
they havp m comiuon . (The atomic num- 
ber determines the electron configura- 
tion of the atom and hence determines 
all the chemical properties and most of 
the physical properties.) 

That 3 of the 4 naturally occurring 
isotopes are end products of 3 different 
decay series is ver>' fortunate — by 
analyzing rock samples we can determine 
both the ini ti al composition and age 
from the relative abundance of the lead 
isotopes m the rocks. 

Sec. 22.4 Positive Rays 



The term "displacement rules" was con- 
sidered to be misleading and was not 
used- "Transformation rules" is a far 
more appropriate term because it is de- 
scri^>tive of the two processes involved. 

One question you rr.ight ask (if your 
students don't) is: ''Why do the radio- 
active series elements only lose niass 
by emitting an alpha particle?" For 
example, m the gradual change from 
t" to Pb- ^ , the nucleus loses 32 
atonic nriass units (and 10 units of 
charge). Why isn't a nuclear fragment 
of this size thrown out aJ 1 at once, 
insteaa of a graduajL loss of mass and 
charge by alpha and beta particle emis- 
sion? 

^•sk your students to calculate the 
i.atio of mass to charge (A/2) for such 
a fragment (3.2), and then ask them to 
search through the periodic table, or 
better stiil, a table of the nuclides 
if you have one, to see if such a nu- 
cleus exists (they must keep nesting 
the ratio A/Z) . They will not find 
such a nucleus m existence. Ask them 
to consider the possible emission of 
other particles, like lU' or ^^Li^' in- 
stead ct alpha particJes. Would these 
provide the required change of mass and 
charqe? 

Your students should come to the 
conclusion that since alpha particles 
are the only significant massive par- 
ticles emitted by nuclei m the radio- 
active series, such a particle must 
exist m the nucleus as an entity.. 



The term "canal rays" is often used to 
refer to positive rays; however, because 
it IS a misleading term it was not used 
m the text. 

Encourage students to study the cap- 
tions and diagram of the mass spectro- 
graph on p. 37. Students will likely be 
pleased that their knowledge of a few 
simple principles enables them to under- 
stand the operation of this ingenious 
device . 

Sec. 22.5 Seporoting Isotopes 

^Vhereas the preceding section dealt 
with the theory of the mass spectre- 
graphic determination of the mass of 
ions and the separation of isotopes, 
this section recounts Thomson's experi- 
ment with the mass spectrograph i n wh i ch 
he discovered that neon has 2 isotopes.: 

To understand the work of .^stcn m 
separating isotopes by gaseous diffusion, 
students probably need to be reminded 
that the average kinetic eneraies of 
different species of molecules in a mix- 
ture of gases is the same if the temper- 
ature of the mixture is ur.iforrr. Thus, 
the lighter ones must, on the average, 
move faster and hence will diffuse 
through a porous wall more quickly. 

Sec. 22.6 A useful notation for nuclides and 
nucleor reoctions 

Although the latest convention for 
symbolizing nuclides is to vrite both 
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the subscript Z and superscri, co the 
left of the element symbol, this conven- 
tion was not followed in the text bejause 
of printing considerations: to separate 
che superscript and subscript adequately 
puts them too close to the lines of type 
above and below. 

The proton and neutron do not come 
into the stoiry-lme until the next chap- 
ter, but the chart on p. 4 3 has its axis 
labeled A-Z vs. Z, and Number of Neutrons 
vs. Number of Protons. This was done to 
make the chart more useful to refer back 
to when reading the next chapter. Note 
that the first open square (at A - Z = 1, 
Z = 0) represents a free neutron. 

Point out to stjdents that the large 
arrow in the diagram on p. 41 is a "proc- 
ess" arrow; that is, it represents a 
process by which, m this case, U^^s 
gives off an alpha particle and becomes 
Th^^^. The large arrow does not repre- 
sent a velocity. (The small arrows shown 
represent the relative velocities of the 
reaction products.) 

Sec. 22.7 The Stable isotopes of the Elements 
and their Relative Abundonces 

It is interesting to note that if an 
element with cJi odd atomic number has 
two isotopes, the atomic masses of the 
isotopes will also be odd numbers. For 
example, the atomic number of chlorine 
is 17 a'^d it has :wo isotopes, Cl^^ and 
Cl^^., The isotopes are stable . 

Bat, ior heavy elements, if the ele- 
ment has an odd Z but an even mass number 
A, that isotope is radioactive! For 
example, potassium has an atomic number 
of 19 and has an isotope k'*^ that is 
radioactive. 

If you bring the above generalizations 
to the attention of the students, stimu- 
lating questions might arise as to the 
reason for these regularities in behavior: 
i.e. what is it about the nucleus that 
allows the "oddness" or "evenness" of 
its composition to determine its stabil- 
ity? You might drop a hint ! re about 
the shell model of the nuclei a model 
which they will read about in Sec. 24.12. 

A point relating to stability that 
should eventually be brought to the at- 
tention of students is the way the plot 
of the nuclides on p. 43 curves up (away 
from an imaginary 45° line that would 
represent equal numbers of protons and 
neutrons in nuclei.) This up-curving 
implies that the masses of nuclei go hp 
faster than their charges. At higher Z 
numbers, the greater positive chcir';;^ of 
the nucleus is m effect "diluted" by 
uncharged matter (neutrons) in such a 
way that the nucleus is not forced apart 
by electrostatic repulsion. (This cou- 
lomb repulsion is very large due to the 



extremely small distance between protons 
in the nucleus.) The effect of the 
greater proportion of uncharged mattor 
is to give rise to very strong short- 
range attractive forces which hold the 
neucleus together. 

Another interesting point arises from 
the chart on p. 43. : If you imagine a 
best-fit "stability line" drawn through 
the black squares, the unstable nuclides 
above that line have excessive negative 
charge (too few protons) for stability 
anu hence undergo 6 -decay to become 
stable; whereas those unstable nucUdes 
below the stability ime have excessive 
positive charge (too few neutrons) for 
stability and hence undergo d+ decay. 
In other words, the heavier isotopes of 
a given element emit electrons, the 
lighter isotopes of the element emit 
positrons . 

In other words, the heavier isotopes of 
a given element emit electrons, the 
lighter isotopes of the element omit 
positrons. (In addition to positron 
emission as a v/ay of reducing positive 
charge, there are other processes such 
as electron capture and alpha decay 
which accomplish the same result.) 

Sec. 22.8 Atomic Masses 

This brief section presents Aston* s 
whole-number rule, which suggests so 
strongly that nuclei consists of differ- 
ent numbers of identical pieces each of 
which has a mass of 1 amu.. 



39 



Background and Development 
Chapter 23 



Sec. 23.) The Problem of the Composition 

and Structure of the Atomic Nucleus 

At the beginning of this chapter, it 
might be helpful if the students were 
asked to sunm^arize the information they 
would have had at their disposal at this 
point in history (about 1925) relative 
to the structure of the nucleus. This 
might be tabulated on the board. Items 
such as Rutherford scattering, half- 
life phenomena particle energies , knowl- 
edge about the electron, isotonic mass 
variation, etc. might be included. 
Students should be asked what earh 
piece of evidence might imply about 
nuclear structure. They should be re- 
minded that the neutron had not been 
discovered at this time, and also that 
Heisenberg had not formulated the Un- 
certainty Principle until the thirties 

A second provoking question to think 
about throughout the chapter is*: what 
is charge? There is presently no 
simple answer to this question, and it 
gives one practice in spinning out 
hypotheses. An interested student 
might be .sked to look into the present 
state of inquiry into the nature of 
charge 

Sec. 23.2 The Proton-Electron Hypothesis 
of Nuclear Structure 

It might not be entirely wrong to say 
that the whole point of Chapter 23 is 
the development of answers to the ques- 
tions: what is the purpose ot a model? 
On what criteria do models succeed or 
fail? How real is a model? How much 
do models allow the scientist to under- 
stand or explain nature (that is: what 
are the limitations of models)? 

Hopefully,, these are the kinds of 
questions that have been coming up in 
class during the entire course. The 
aware student ought to realize that, as 
the investigation of natural phenomena 
has passed from the macroscopic world 
to the microscopic one, the models have 
Decome increasingly complex. This 
makes for an interesting contrast: as 
we proceed from the behavior of large 
and complex masses of matter to that of 
simpler masses, the mcdels go from 
simpler to more complex. 

The proton-electron theory of the 
nucleus is an interesting example of 
how a model inevitably depends upon 
the empiricr.l evidence available at 
the time. Thus, the proton-electron 
model works very well,^ if all you know 
is that certai.-i heavy nuclei are emit- 
ting either alpha or beta particles. 

Nole that at the en of this section, 
there is no reason giv-jn for the fail- 
ure of the proton-electron model. Yet, 
some perceptive student may want to know 



upon what criteria the model failed. 
The fact IS that the criteria are rather 
sophisticated. One was the discovery 
that the nucleus had an angular momen- 
tum, called S£in.> This property could 
be measured by spectroscopic- analysis 
(very high resolution of hyperfine 
structure) . The result of such analy- 
sis is an ability to measure a quantity 
called the magnetic moment of the proton 
and electron. It turns out that 
the magnetic moment of the electron is 
much larger ^.han the magnetic moments 
of different nuclei. So, one must ask 
the question, if there are electrons in 
the nucleus, why isn't the magnetic 
moment of the whole nucleus greater 
than that of the electron? 

Sec. 23.3 The Discovery of Arttficiaf 
Transmu tation 

There is one question related to 
the Rutherford observation of artifi- 
cial transmutation that you might use 
to stimulate some class discussion: 
why are the chances of a collision 
between an alpha particle and the ni- 
trogen nucleus so small (1 for every 
10^ alpha particles passing through 
the nitrogen gas) ? 

In terms of the kinetic theory (Unit 
3), it seems reasonable that the" 
probability of capture should be much 
greater. 

However, remind your students that 
kinetic theory does not take into 
account (1) the extreme smallness of 
nuclear diameters, or (2) the effect 
of the electrical fields of the nuclei. 

The nitrogen atom has a radius of 
about 10- ^°m; however, the nucleus is 
far smaller, with a radius of about 
3,6 X 10- ^^rr.. Imagine a target with a 
diameter of 300 meters, whose bullseye 
is only 1 centimeter across 1 To make 
things worse, imagine standing a few 
thousand meters away and shooting at 
this target blindfolded. What are the 
chances of hitting the bulls-eye? Sup- 
pose all the targets were moving around 
randomly in space at the same time, 
what would happen to the probability? 

As for the effect of the electric 
field, the N nucleus has a charge of 
+ 14 elementary charge units, while the 
alpha particle has +2., Ask your stu- 
dents to calculate, by Coulomb's Law, 
the repelling force between two such 
charged particles at a distance equal 
to the sum of the radii of both par- 
ticles (the radius of the alpha par- 
ticle is about 2.4 ^ 10" ^^m). They 
should be surprised at the result. 
In fact, they have a right to ask, 
how is it that cin alpha particle ever 
manages to get inside a nitrogen nu- 
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cleus? (The answer, of course, is 
outside the realm of classical physics 
- only a quantum mechanical analysis 
can offer an explanation.) 

The nitrogen atom has a radius of 
about 10~^°m;, however, the nucleus is 
far smaller, with a radius of about 
3.6 X 10*"^^., Imagine a target with a 
diameter of 300 meters, whose bulls- 
eye is only 1 centimeter across I To 
make things worse, imagine standing a 
few thousand meters away and shooting 
at this target blindfolded. What are 
the chances of hitting the bulls -eye? 
Suppose all the targets were moving 
around randomly in space at the same 
time, what would happen to the probabil- 
ity? 

You can relate Wilson's invention 
to the Millikan Oil Drop Experiment 
(Unit 5) by pointing out that Wilson 
first used his cloud chamber to calcu- 
late the charge on the electron. He 
created the water cloud between two 
parallel metal plates. First, he ob- 
served the gravitational fall of the 
top surface of the cloudy then he 
created a un_ f orm electric field between 
the plates and observed the fall under 
the influence of both gravitational 
and electric fields. By comparing the 
two rates of fall, Wilson calculatea a 
charge of 1.0 x 10"^^ coul, about 2/3 
of the accepted value today. Ask your 
students what kind of error could be 
caused by using a water cloud (evapo- 
ration) , and why the technique of 
using single droplets of oil was a 
better one.. 

Fifteen years later, Wilson realized 
that his cloud chamber could be used to 
observe the tracks of particles from 
radioactive disintegration. For this 
work (together with Arthur Compton) , he 
received the Nobel Prize. 

Sec. 23.4 The Discovery of the Neutron 

This section explains the evidence 
for the neutron in a fairly clear and 



detailed fashion, and your students 
should be able to follow the arguments 
witliout ruch difficulty. Remind them 
that m this chapter, they are seeing 
the application of Newton's idea of 
the universality of the laws of natu.e.. 
The princioles of conservation of 
momentum aid energy came from oi)serva~ 
tions m the macroscopic world; but 
here they are being applied to the 
motion of tiny, invisible particles 
moving with high speeds. Nevertheless,, 
the predictions which are made on the 
basis of the validity of these conser- 
vation principles do check out correctly.^ 
'Don't forget the article "Conservation 
Law" by Kenneth Ford in the Unit 6 
Reader. ) 

Sec. 23.5 The Proton -Neutron Theory of the 
Composition of Atomic Nuclei 

This brief section provides an ex- 
cellent example of how models change in 
physics. In the long run, the validity 
of the model depends only upon how 
nature behaves .> Scientists must accom- 
modate the model to the behavior - not 
the other way around. You might ask 
your students to contrast this model 
change with the attempts to change the 
solar system model in early astronomy. ^ 

If your students are curious, the 
empirical evidence for the existence 
of neutrinos was discovered by Peines 
and Cowan at Los Alamos in a famous 
nuclear pile experiment. They made a 
very Inrge neutron counter and placed 
it near one of the atomic piles at 
the Savannah River Project. The reac- 
tion they were looking for was this 
proposed one: 

proton + neutrino = neutron + 
positron. 

Since the heavy pile shielding kept all 
other particles except neutrinos from 
coming through, the appearance of neu- 
trons and positrons in the counter 
showed that the above predicted reac- 
tion was indeed taking place 

Sec. 23.6 The Neutrino 

If your students want more informa- 
tion about the neutrino, there was an 
excellent article in the January 1956 
Scientific American by Philip Morrison, 
"The Neutrino." But first, they should 
read Chadwick's own notes about the 
search for the neutron in the Unit 6 
Reader. 

It might interest your students to 
know that though Pauli suggested the 
existence of another particle, the 
name "neutrino" was coined by Enrico 
Fermi (it means "little neutral one" 
in Italian) . 
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For your better students, who might 
want to know just how the prifiCiple of 
conservation of energy is violated 
without emission of the neutrino, there 
is a lively explanation of the neutrino 
on pp. 134-135 of the paperback book. 
The Atom and Its Nucleus , by George 
Gamow (Spectrum Books) . 

If there is no reading available for 
your students, point out that a free 
neutron tends to disintegrate fairly 
quickly into a proton and a beta par- 
ticle. However, if we write the nuclear 
equation as: 

on^ ^pl + _^qO 

the masses on each side of the equation 
do not balance. The rest mass of the 
neutron turns ouc to be 0.00084 amu 
larger than the combined rest masses of 
proton and electron This rest mass 
difference represents an energy of 0.78 
MeV, which should be the energy of the 
emerging electrons; however, very few 
electrons emerge with as much energy 
as this. So, Pauli suggested the exis- 
tence of another energetic particle to 
make up the difference in energy. 

How is the conservation of momentum 
principle violated by the nuclear equa- 
tion above? If the neutron does break 
up into only a proton and electron, the 
two particles should recoil from each 
other at 180° - that is, they should 
fly diametrically apart , re lative to 
their center of mass. But observation 
of the tracks showed that they did not 
do what the law of conservation of mo- 
mentum required. The angle of separa- 
tion suggests that another particle 
must be part of the interaction.: 

In the case of beta emission, the 
missing particle is an anti neutrino . 
(The neutrino and antineutrino are 
similar particles; the former is 
associated with positron emission;, the 
latter, with electron emission.) 

Tell your students to conceptualize 
the neutrino as a kind of photon - that 
is, with zero rest mass and with a 
velocity = c. But the neutrino behaves 
quite differently from a light photon,- 
for example, it does not cause a 
photoelectric effect. In fact, the 
neutrino rarely interacts with other 
particles; this is why it has such 
tremendous penetrating power. Many neu- 
trinos probably pass through the entire 
earth without interacting with any par- 
ticles! (The chances of a neutrino in- 
teracting with the atoms of your body 
are only about 1 m 10^^.) 

Neutrinos are produced in the 
upper atmosphere by cosmic ray bombard- 
ment. They also come from many stars. 



and some astronomers think that as white 
dwarfs degenerate into even more incred- 
ibly dense stars — black dwarfs and neu- 
tron stars — ^vast numbers of neutrinos 
are emitted. 

Sec 23.7 The Need for Particle Accelerators 

It is interesting to point out the re- 
markable contrast between the size of the 
particles that are accelerated and the 
size of accelerating machines (shown on 
pp. 68, 69). Similarly, the scale of de- 
tection devices such as the Brookhaven 
bubble chamber assembly shown on p. 70 
is worthy of mention.^ Another thing to 
contrast with the size of that immense 
bubble chamber assembly is Glaser's tiny 
bubble chamber, also shown on p. 70. 

Students who might be particularly in- 
terested m elementary particles should 
be encouraged to look through the addi- 
tional unit "Elementary Particles," (if 
you have it on hand) and to study it in 
detail if time permits. 

A good paperback book on accelerators 
for your interested students to read is 
the Science Study Series (Doubleday An- 
chor Books) , Accelerators; Machines of 
Nuclear Physics , by Littauer and Wilson. 

Sec. 23.8 Nuclear Reactions 

The purpose of this section is to 
emphasize that a change m nuclear 
charge means a change m place m the 
periodic table - and this means that 
transmutation has occurred. 

Many examples of nuclear reactions 
can be found to supplement the few 
examples m the text. But it might be 
more interesting and informative for 
your students to be aware of the Bohr 
theory of the compound nucleus (pro- 
posed in 1936) to explain . uch reac- 
tions. Niels Bohr made two assumptions 
about the order of events in a nuclear 
reaction: 

(1) the particle that strikes the 
nucleus is absorbed into the nucleus 
to form a compound nucleus; 

(2) the compound nucleus is unstable 
and disintegrates by ejecting a particle 
or gamma photon, with new nucleus 
formed as product. 

Bohr also assumed that the compound 
nucleus depends upon its own energy 
state and its angular momentum (and has 
nothing to do with the way the nucleus 
is formed).. So, in terms of the Bohr 
theory, the first reaction on p. 72 of 
the text would look like this: 

+ 8oHg^3^ -> [biTI^QI] . y^A^i^y + 2He\ 
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flave your students rewrite the 
nuclear equations in this section and 
in the following one in terms of the 
compound nucleus theory. 

Bohr assumed that the energy of the 
entering particle was shared by all the 
other nucleons m the capturing 
nucleus - this newly available energy 
he called the excitation energy . If 
this energy is large enough, it may 
provide the means for one nucleon or a 
combination (like the alpha particle) 
to escape (this amount needed for es- 
cape IS called the separation energy— 
about 8 MeV) . 

Thus, compound nuclei are formed 
whenever a nucleus captures a proton, 
neutron, electron, deutron, alpha par- 
ticle or even an x-ray photon of high 
enough energy. In a very short time, 
the compound nucleus disintegrates to 
e^ect a particle and leave a new prod- 
uct nucleus. 

Sec. 23,9 Artificiolly Induced Rodiooctivlty 

One of the most interesting cases of 
induced radioactivity is that of sodium 
discovered by E.O. Lawrence. He bom- 
barded rock salt with deuterons of 2 
million electron-volts energy and ob- 
tained radioactive sodium.: The reaction 
can be written 

1 iNa23 + ^^2 jNa^^] + iH^ 

followed by 

[llNa^'^] = ipMg^'^ + _ieO 

with a half life of fifteen hours. The 
magnesium nucleus, however, is m an ex- 
cited state and m falling to the normal 
state emits gamma rays. Hence, radio- 
sodium emits beta and gamma rays identi- 
cal m nature with those from natural 
radioactive subs tances . These gamma rays 
are more penetrating than those from 
radium.. The advent of induced radio- 
activity creates new possibilities in 
biological and chemical research The 
active atoms are so easily detected that 
they can be traced through a process or 
reaction. They serve as marked or 
"tagged" atoms which can be located by 
their effect upon a counter. The time 
for an in-depth discussion of radiation 
biology, medicine and agriculture will 
be m Sec.^ 24. 13. Today there are far 
more artificially produced radioactive 
isotopes tha^ there are natural ones, 
and there is no essential difference 
between them. 
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Sec. 24 1 Conservation of Energy in Nuclear 
Reactions 

The staement that nuclear reactions 
are far more energetic than chemical 
reactions can be made more vivid bv 
having your students calculate the' num- 
ber of electron volts of energy released 
m a typical exothermic reaction. 

A well-known reaction is the combin- 
ing of oxygen and hydrogen to form 
water. The heat of formation for a 
gram molecular weight of water is 
-68.4 kcal (the minus sign means the 
reaction is exothermic) . The steps 
your students should follow are: 

1) change kcal into joules by using 
the mechanical equivalent of heat; 

W = JH;^ 

2\ compute the number of joules of 
energy released per molecule . Remind 
your students that there is an Avogad- 
ro's number of molecules m a gram 
molecular weight;, 

3) change the number of joules/mole- 
cule to electron volts.. 

The students will discover that the 
total energy released per molecule of 
water is about 3 eV. And this is con- 
sidered a fairly energetic chemical 
reaction) 

You can find other values of heats 
of formation m any chemistry text for 
other examples of the above. 

Sec. 24.2 The Energy of Nuclear Binding 

The concept of binding energy (remind 
your students about the actual defini- 
tion m terms of "unbinding") brings up 
the question of nuclear force. When 
nucleons are held together m a very, 
very small volume, what kind of force 
keeps them together? what part is 
played by the binding energy here? 

There is a fine article m the March 
I960 Scientific American on the subject 
about which we still know so little, 
"The Nuclear Force," by Robert E. 
Marshak. Gamow also writes about nu- 
clear force, using a very entertaining 
simile, m The Atom and the Nucleus 
(Spectrum Books), pages 136-7.. 

If any student who has heard of the 
term "mass defect" asks about it with 
respect to the subject matter of this 
section,, point out that "mass defect" 
is t. e same as "binding energy" except 
that the former is measured m mass 
units and the latter in energy' units. ^ 

It may be worthwhile to point out to 
your students that the conceptualization 
and measurement of binding energy is re- 
sponsible for the decision not to use 
the proton as a standard (with a mass = 



1 amu) for all atomic masses. For all 
atoms with A greater than 12, the mass 
defect IS about 0.0085 amu/nucleon. C^" 
on this scale would have a mass = 11.907 
amu, and the mass of U*'^^ would be 
238.20. Thus, there would be a notice- 
able discrepancy between mass numbers 
and the actual numbers of nucleons in 
nuclei. Actually, any at.om more massive 
than could have been chosen as a 

standard, in order to make the mass num- 
bers nearly equal to the numbers of 
nucleons;; C^^ was chosen for the reasons 
given on page 46 of the text. 

Sec. 24.3 Stability and Binding Energy 

The point to emphasize m this section 
is the way in which the average binding 
energy per nucleon varies with the mass 
number A. Figure 24.1b illustrates that 
variation;, a variation which will be seen 
in later sections to account for the re- 
lease of energy in nuclear reactions, 
and to maKe possible the large-scale 
energy release in both nuclear fission 
and fusion. 

Since Fig. 2 4.1b will be referred back 
to in later sections, briefly focusing 
the attention of students on it at this 
point will be helpful to them m sections 
to come; but don't take time to go into 
all its implications — let the implications 
arise naturally in later sections. 

Something which might need stating is 
that It only makes sense to speak of 
binding energy per particle when the 
particle is in fact, bound to othe>" 
particles. An isolated particle, of 
course, has no binding energy. 

Sec 24.4 The Mass-Energy Balance in Nuclear 
Reactions 

Here is an excellent opportunity to 
clarify student understanding of the 
equivalence of mass and energy. The 
text describes a nuclear reaction in 
which a proton is captured by a lithium 
nucleus, which disintegrates into two 
alpha particles moving apart at high 
speed. As shown on p. 85, this disin- 
tegration results in a loss of rest mass 
and a gain in kinetic energy. Students 
may think — aha! mass has been converted 
into energy! But this interpretation is 
valid only if the student is careful to 
say rest mass and kinetic energy (and/or 
gamma ray energy). There is no change 
in total mass or total energy. 

Prior to dismtegracion, the lithium 
nucleus and proton had a ceitam total 
energy, made up of kinetic energy and 
rest energy — the energy equivalent of 
their rest mass. After disintegration 
the total energy is the same as before, 
but now consists of more kinetic energy 
and less rest energy! 
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As total energy is conserved, so is 
total mass. Suppose measurements of the 
mass of the alpha particles were made as 
they separated at high speeds after their 
formation.* The kinetic energy of the 
alphas contributes to their relativistic 
mass, and the total mass so measured 
would be identical to the total mass of 
the proton and lithium nucleus prior to 
the reaction! 

However, if we stop them and again 
measure their mass, wc will be measuring 
their total rest mass, which we will find 
to be smaller than before (by an amount 
we call the mass defect of the reaction). 
Note that mass and energy are still con- 
served, because the kinetic energy and 
accompanying mass increase pass by 
collision and ionization from molecule 
to molecule of the air through which 
the alphas travel, ending distributed 
as thermal motion of the air molecules.. 



*The mass measurement at high speed 
could be made by measuring the initial 
curvatures of the alpha particle tracks 
in a cloud chamber in a magnetic field.: 

Sec. 24.5 Nuclear Fissions Discovery 

This sectio\ J:;ogins the part of the 
course that sh^^lu be very exciting for 
most students;^ they all know about A- 
bombs and H-bombs by now.> What is im- 
portant, then, IS that they understand 
1) exactly wnat fission is, 2) hov; it 
takes place, and 3) what the consequen- 
ces are. One might add that the stu- 
dents ought to understand how the 
phenomenon of fission affects nuclear 
theory? that is, the making of nuclear 
model s .- 

You might also underline the effect, 
of accident (of a kind), in the case of 
the Fermi attempts to create transurc.- 
nium elements. The discovery of reac- 
tion products that shouldn't have been 
there — ^as Ba^^^ and La-''^ — turned the 
direction of research toward what re- 
sulted in the discovery of fission by 
Hahn and Strassmann, and in its expla- 
nation by Lise Heitnai and 0. R. Frisch.^ 

It may interest your students to 
know that Lise Meitner shared the Atom- 
ic Energy Commissior Enrico Fermi Award 
in 1966 with Hahn anc] Strassmann and 
was the first woman to receive this 
award . 

Sec. 24.6 N uclear Fission: Controlling Chain 
Reactions 

The text discusses some of the condi- 
tions for n( utron capture in terms of 
neutron energy. That is, "slow" or 
"fast" neutrons are mentioned. This 
whole subject area is rather complex and 
the text treatment should be sufficient; 
however, there is no reason why interested 



students tihould not be encouraged to find 
out more on their own if they so desire. 

Some good references for student 
reading are: The Neutron Story , by 
Donald Hughes (an Anchor Book paperback)?, 
in the August 1965 Scientific American ,, 
the article, "Muclear Fission," by R. 
B. Leachman; and in the January 1964 
American Journal of Physics '( vo 1 32, 
no. 1) , two articles on the history of 
fission: "A Study of the Discovery of 
Fission," by Esther Sparberg , and "Dis- 
covery of Nuclear F:ssion,, " by Hans 
Graetzer . 

Additional information for the teach- 
er n^ay be found in Contemporary Physics 
(a Harbinger Book paperback) , by David 
Park, Chapters 6 and 7.- 

Sec. 24.7 Nuclear Fission:- Large Scale Energy 
Release and Some of Its Consequences 

One of the questions you might bring 
up in class is: if we assume that at 
the time of the formation of the earth 
there was as much U^^^ created as U^^®, 
how can the present-day ratios of 99.28% 
U'^^ to 0.72% U^3^ be explained? (Hint: 
assume the earth is about 5.6 billion 
years old.> The half-life of u^^^ = 
4.5 ^ 10^ years;- that of U' ^ 5 = 
7 ^ 10^ years.) 

A quick, but interesting, approxima- 
tion of the magnitude of nuclear energies 
can be worked out quite easily in class. 
This fission of one U' ^ ^ nucleus liber- 
ates about 200 MeV of energy.: Have your 
students change this quantity into 
joules. Suppose you had an Avogadro's 
number of U^^^ nuclei. How much energy 
would be liberated? Five times this 
amount is about 1 kilogram of U'^ ^ ^ . When 
they have calculated the equivalent of 
this amount of energy liberated by the 
fission of 1 kg, point out that this is 
more than is liberated by exploding 
20,000 tons of T. N. T. The difference 
between an exploding bomb and a nuclear 
reactor, of course, is simply the time 
taken to release the total energy.^ 

Your students would probably en^oy 
writing to the Atomic Energy Commission 
in Washington, or to private corporations 
like Westinghouse and General Electric, 
for more information about the peaceful 
uses of atomic power. Most of these 
agencies have education and information 
sections for the dissemination of such 
information free of charge. Local Civil 
Defense agencies will certainly have 
information about radioactive fallout. 
Here is a good opportunity to relate 
what is being learned in the classroom 
to the realities of world politics and 
economics . 

A couple of useful reference articles 
are: "Breeder Reactors," by Alvin Wein- 
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berq m the January I960 Scientific 
/American , and "The Detection of Under- 
ground Kxplos:cns," by Sir Edward Bul- 
:ard, m the Jul" 1966 Scientific 
A- nerican .^ 

Sec. 24.8 Nucleor Fu sion 

Though this section describes to some 
extent the problems inherent in control- 
ling a fusion reaction, you might pose 
the questions a little more precisely 
for -our students. For example, if a 
mag.,ecic field is used to contain the 
deuterons and tritium nuclei, what will 
the paths of these particles be m the 
field? how does this "contain" the 
charged particles? How could particles 
"escape,," and what would happen if they 
did? 

In this way, you can relate the tech- 
nology of thermonuclear reactions to 
fundamental principles already studied 
m previous Units on electricity, mag- 
netism, and kinetic theory.- 

The intriguing question "how can ther- 
monuclear reactions be taking place in 
T±ie sun and stars without a special mech- 
£.iiism of confinement? Would be a nice 
lead-m to Sec. 24.9. Of course the 
answer lies m the gravitational fields 
of such massive bodies. 

A discussion of thermonuclear energy 
always brings up the threat of the H-bomb 
and Its promise of total destruction. 
Here is a good opportunity to "integrate" 
with the social science course m your 
school.. There are certainly many books 
and articles m print on this subject, 
and discussions of the problem are still 
continuing on an international scale. 
A popular publication on the subject is 
Brighter Than a Thousand Suns , by Robert 
Jungk, Grove Paperback,- Black Cat Se- 
ries,, 1962. Journals like The Bulletin 
of Atomic Scientists and Daedalus have 
many art2::les on the subject. Try to 
find time for an informal, exciting kind 
of seminar class on the question of 
atoms for war or peace. 

A pertinent article in the Unit 6 
Reader for your students might be: 
"Calling All Stars," by Szilard.: 

Sec. 24.9 Fusion Reactions in Stors 

The text discussion applies only to 
"normal," or "main-sequence" stars, of 
u li ::h our sun is one. Special types of 
stars like white dwarfs, red giants, 
^'ariables, and supernovae are more com- 
plicated and less well understood. H^ - 
drogen is by far the most abundant ele- 
ment m those parts of the universe which 
we can explore, thus a very large fraction 
of all the nuclei present will be protons. 
Tor interested scudents, the two nuclear 
reactions which are thought to occur, are 



as follows ^(assign SG 24.15 before dis- 
cussing) 

(1) Carbon-nitrogen cycle 
Cl2 + Hi - + ^ 

n13 ^ + + neutrino 

+ Hi - 0^^ + Y 
-> + e+ + neutrino 
n15 ^ Hi cl2 + He'' 

(25 Proton-proton cycle 



Hi + Hi -> h2 
H^- + Hi He3 



+ e"*" + neutrino 
+ Y 



He^ + He^ He'' + 2h1 

Note that for the third reaction to 
occur, the second reaction must occur 
twice . 

The net effect of both reactions is 
to form a strongly bound alpha particle 
from four protons .> The carbon cycle is 
more appropriate to stars which are more 
luminous than our sun and whose central 
temperatures are higher. The proton- 
proton cycle is more important to stars 
whose central temperatures and luminosi- 
ties are lower than that of our sun. 
Both reactions take place in the sun but 
the proton-proton cycle predominates. 

Sec. 24.10 The Strength of Nucleor Forces 

The nuclear force is the third type 
of force your students will have studied 
the other two being gravitational and 
coulomb, or electrostatic, forces. (The 
magnetic force is not similarly classed 
because it results from the relative mo- 
tion of charged particles.) 

In the case of nuclear force, however, 
there seems to be need for a third de- 
scription that does not seem to have the 
same kind of logical basis as the first 
two. How can the tremendous repelling 
coulomb force between protons (that 
certainly must overcome any gravitation- 
al force) be rendered inoperative? What 
kind o^ cohesive power works here? It 
ough . zo be evident to your students 
thpt anything said about "nuclear force" 
must indeed be quite speculative. 

There is a fairly easy way to demon- 
strate the techniques of speculation m 
nuclear theory by developing the argu- 
ment for the particle called the meson . 

You begin with the rather weird as- 
sumption that within the space of the 
nucleus one nucleon might eject a very 
small particle that would be absorbed by 
a neighboring nucleon. The new particle 
would have an amount of energy which can 
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be designated by Einstein's equation: 
mc' , where m is the mass of the particle. 
This new particle, then,, could move 
through the range of "nuclear force" — 
that IS, across a very small distance 
inside the nucleus. Measurements show 
that this range is about 1.5 y 10"^ me- 
ters . 

If we call this distance s, then the 
time it takes the particle to move 
through s at the speed of light is 
simply sjo. Now remand your students 
about the Heisenberg Uncertainty Prin- 
ciple (Unit 5, Sec. 20.5), and indicate 
that at such a short distance and at so 
great a speed, this principle must come 
into play. Then, the energy multiplied 
by the time interval must be of the 
order of Planck's constant; that is: 

^mc'^-at - h/2- . 

Ask your students to compare the 
units of Lmc'^Lt with those of LpLx (the 
more familiar statement of the princi- 
ple) they will find that the units are 
exactly the same. Nov;, since At is the 
same as s/c, we can write: 

Amc^£/c - h/27T,, 

or 

ms - h/27C. 

Now, your students can fill m the 
values for h (6.62 y 10"^'*),, r (3.14), 
and c [3 y 10^). Have them calculate 
the value of ms m kg-m. If they divide 
this value by s = 1.5 y 10"^^ m,^ they 
will have found the mass of the theoret- 
ical particle (it should come out to 
about 2 y 10"^^ kg). Have them compare 
this mass with that of the proton and 
electron . 

After this calculation is finished, 
you can point out to your students that 
they have just worked out a sequence of 
logical thought similar to that done by 
Yukawa in order to predict the existence 
of mesons. In spite of the illogical 
nature of the assumptions, the tracks 
of mesons were first identified m 1938 
by Anderson in cloud chamber photos of 
cosmic ray events. Now,- at least four 
different kinds of mes'^* have been 
identified. Emphasize fantastic 
nature of making a prea ion that turns 
out to be so exact (Anderson's first 
measurements showed the new particle to 
have a mass equal to about 200 electron 
masses), while the "underpinnings" of 
the prediction are pretty shaky! And 
this IS the v;ay m which much of the 
predicting ii- nuclear theory has been 
going along. 

Sec. 24.11 The Liquid-Drop Nuclear Model 

The liquid-drop-model, whose ability 
to account for the variation in nuclear 
binding energy with mass number and for 



the process of nuclear fission, depends 
upon the assumption that interactions 
occur only between adjacent nucleons. 
Wo are all familiar with the character- 
istic oscillations of a stretched string 
(Unit 3, page 129), a taut membrane 
(Unit 3, page 130), etc. I^ss familiar 
perhaps are the characteristic oscilla- 
tions of a liquid drop. It might be 
well to review briefly ^ust how a liquid 
drop oscillates with time when disturbed 
The students must understand this before 
they can appreciate the application to 
fission v: a the model. A sketch similar 
to the following might help. 

Vibrating liquid drop 
Time ^ 




Vibr<iiting drum 
Time 




Vibrating string 



With this model it is easy to see 
that once a nucleus is set into oscilla- 
tion the electrostatic forces of repul- 
sion (positive charges of the protons) 
between the two halves may drive it into 
a complete break. This i^s the fission 
process . 

The question "why doesn't a nucleus 
separate into three lighter nuclei?" 
is answered by considering the nucleus 
to act like a liquid drop, where it 
seems unlikely that an oscil.ation would 
take place in such a mode as \o break 
the drop into three pieces. 

The shock that sets a heavy nucleus 
into oscillation can be delivered by 
any kind of particle. 92^^^^ needs a 
very large disturbance while 92^^^^ can 
undergo fission by the addition of a 
neutron with zero kinetic energy. There 
has been considerable study of photon- 
induced fission, but for cnain reaction, 
however, the important particle is the 
neutron. 

Sec. 24.12 The Shell Model 

There is a good article on the two 
models (for the teacher) by Aage Bohr 
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(sor. of :;ieis) m the November 1957 
Ancrican Journal of Physics , "Or. the 
Structure of Atomic'^Xuclei" (Vol. 25, 
No. 8) . 

Though this subject is not mentioned 
in the text, your more interested stu- 
'lents should, by now, be able to read 
the articles m the Unit 6 Reader on 
the problem of a mirror image universe: 
"The Fc'ill of Parity," by y art in. Gardner. 

Sec. 24.13 Biologlcol ond Medicol AppHco- 
tions of Nucleor Physics 

The ramifications of this final sec- 
tion are many, and if time permits,, you 
n>ay Vvant to encourage your stuaents to 
find out more about the use of radioac- 
tive tracers. They can write to the 
Atomic Energy Commission, or to various 
inciustries; local doctors or hospitals 
can probably furnish information on the 
part played by radioactive isotopes in 
fighting n.alignant diseases. 

Another interesting feature is the 
general effect of radiation on animal 
and plant communities. A good article 
that concerns itself with this aspect is 
"The Lcological Lffects of Radiation," 
by George Woodwell, in the vTune 196 3 
Scientific American . 

Better students who can handle mathe- 
matics fairly easily can be asked to 
investigate the logic of using tracers 
in agriculture. ,hat is the advantage 
of using P^- (hal -life = 14 days) to 
find out how rapic^y a plant takes up 
phosphate f ertiliEe^.? 

What the students ought to discover 
IS that only a very tiny amount of phos- 
phate IS needed — so little that it could 
not be detected with the finest analyti- 
cal balance. Thus, analysis becomes a 
much simpler task, depending on the 
counting rate of the detection equipment 
and the half-l.fe of the tracer atoms. 

In the case of P^-, it can enter into 
the plant system as part of a pO:, radi- 
cal (phosphate) . We can assume that in 
order to know we are actually counting 
P^^' atoms and not random radiation our 
counter has to count 1000 counts/minute 
from a 1 gram sample of the plant.- 

The question is: how much PO4 has to 
be taken up by the plant to give this 
count? 

From Sec. 21.8, the students know that 
tlie disintegration rate X = 0.693/half- 
life. If we change the half-life of P^2 
to minutes, X turns out to be 3.4 x lo-'* 
per mi n. 

Our required counting rate of 
1000/min IS simply equal to X times the 
number of radioactive atoms needed: 

number of atoms = 1000/X = 3 x 10^. 



The stuc.ents ought to k now how ma r. y 
giams of PO.. represent an Avogauro^'s 
number of atoms. Tr^^en: 

96 ^ X 

6 * 10' - 3 • 10^ 

and X = 5 • 10"-* grams of PO , in 1 grar 
of plant m.aterial. 

In the case of nialignancy, detection 
of tumors by radioactive atoms became 
possible only after the less massive, 
artificial raaioactivc nucl ides were 
made. Ask your students why the natu- 
rally radioactive elements could not be 
used for such, detection. The answer is 
that such atoms are not taken up natu- 
rally by living cells in normal metabol- 
ic processes . 

An extra exercise, or library re- 
search project might be to ask your 
students to find out just what the units 
of radiation are. There is u.sually much 
confusion about such units, even though 
t^.'^^y are used very glibly in popular 
science articles, usually without proper 
definition. The units to be checked out 
are: roentgen rep (Roentgen Equivalent 
Physical) , and ra d . Your students ought 
to discover that the roentgen only mea- 
sures numbers of icns produced, and 
tells you nothing about energy absorbed. 
Also, the roentgen is based on x rays 
and gamma rays, and their effect on air. 
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Transparencies 

T4n Separation of i , ^, i rays 

Observed deflections of the emanations 
from a radioactive source are shown in 
the presence of a magnetic field. 

T41 Rutherford's i particle "Mousetrap" 

A simplified detail ot the apparatus 
used by Rutherford and Royds m 1909 to 
sho^' that the j particle is a doubly- 
ionized helium is presented along with 
spectra observed during the experiment, 

T42 Radioactive Disintegration Series 

The four radioactive series: uranium- 
radium, thorium, actinium, and Neptunium 
are presented for completion by the 
teacher exnd students. 

T43 Radioactive Decay Curve 

A number of overlays displaying sample 
data for a radioactive elemeu and its 
accumulating "daughter" atoms leads to 
the half-life conc^^pt. 

T44 Radioactive Displacement Rules 

Three tvpes of radioactive decay: u , B~ 
t^-^ are presented in a visuaxized "before- 
after" sequence as well as m geneialized 
and specific equation form. 

T45 Mass Spectrograph 

A schematic diagram of *:he mass spectro- 
graph with Its velocity s.elector and mass 
determining sections are shown. 

T46 Chart of the Nuclides 

A chart of the stable and unstable radio- 
active isotopes are presented with other 
pertinent nuclear information, 

T47 Nuclear Equations 

Visualizations and equations for impor- 
tant nuclear reactions: the first arti- 
ficial transmutation, the discovery of 
the neutron, and the mass-energy rela- 
tion are presented. 

T48 Binding Energy Curves 

Two plots, one of the total binding 
energy in MeV vs. the number of nucleons 
and another of the average binding energy 
per nucleon vs. number of nucleons, are 
presented. 



Loops 

L49 Collisions with an Unknown Object 

Elastic collisions between balls of ap- 
prpriate relative masses illustrated 
Chadwick's discovery of the neutron (L) . 



\'on-Pro]ect Physics Loops 

L6-i Radioacl.1 ve Decay (8 mm loop, 4 
min, 55 sec) . 

Assembly of scintillation Jetector. 
Samples of Cu 6 4 and Mn 56 are placed la 
position. Gamma ray spectra arc dis- 
played. Radioactive decay of Cu 64 
(half life 12.84 hr) an.i Mn 56 (half 
life 2. 56 hr) . 

Distributed by The Ealinq Corporation, 
Cambridge Mass . 

L 6 - 2 Thomson' s positive Ray Parabol a s 
(8 mm loop, color, 3 min," 25 sec, No~ 
20210) . 

Mostly animation. 

After showing the original apparatus, a 
beam of positive ions (ne 20) passes 
through the cathode and strikes the 
screen. The beam is deflected by elec- 
tric plates producing vertical lino on 
screenv Magnetic field produces hori- 
zontal line. When both fields are ap- 
plied and the magnetic field is changed, 
a parabola is produced. 

Distributed by Encyclopaedia Britannica 
Films, Inc., 1150 Wilmette Avenue, Wil- 
mette , I llinoj s. 

L6-3 Aston' s Mass Spectrograph (8 mm 
loop , color, 2 nin, 20 sec) . 

Film opens with shot of Aston 's original 
mass spectrograoh , introduces electric 
plates, passes ieflected beam through 
magnetic field, and also introduces 
photographic plate. 

Distributed by Encyclopaedia Britannica 
Films, Inc., 1150 Wilmette Avenue, Wil- 
mette, Illinois. 

L6-4 Nuclear Reactions — Chain Reaction 
ajid Controlled Chain (8 mm loop, color, 
2 mm, 35 sec. No. 20206). 

Animated. Shows various stages of a 
chain reaction and of a controlled chain 
reaction around a U235 nucleus cluster. 

Distributed by Encyclopaedia Britannica 
Films, Inc., 1150 Wilmette Avenue, Wil- 
mette, Illinois, 

L6 - 5 Critical Size (Nviclear Reactions : 
Critical Size (8 mm loop, color, 2 min, 
10 sec. No., 20207) . 

Animated. Demonstrates the importance 
of critical mass in the creation of a 
nuclear reaction similar to that taking 
place in an atomic explosion. 

Distributed by Encyclopaedia Britannica 
Films, Inc, , 1150 Wilmette Avenue, Wil- 
mette, Illinois, 
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16mm Films 

F47 Discovory of R.-tdioacti vit y- (16 rrjr.^ 
color , 

Distributed by Tzhc International Film 
Bureau, 332 S. Michigan Avenue, Chicaqo 
4, Illinois. 

1^48 U238 Radioactive Series (16 mm, B&W, 
mm) . '~ 

The film traces the various stages in the 
decay of U238 to stablo lead. Alpha emis- 
sion and the statistical nature of the 
process are emphasized. A brief mention 
is made of other radioactive series.. 

Distributed by McGraw-Hill, Text-Film 
Division, 330 W. 42nd Street, New York, 
N. Y. 

^^49 Random Events (16 mm, B&W, 31 min) . 

This film shows how the over-all effect 
of a very large numbor of random (unpre- 
dictable) events can be very predictable. 
Several unusual games can be played to 
bring out the statist- cal nature of this 
probability. The predictable nature of 
radioactive decay is explained m terms 
of what is shown. 

PSSC Film distributed by Modern Learning 
Aids . 



F5 3 Positron-Eloctron Annihi lat:on 
v^^, B&W, 27 rin) . 

Using brief demonstrations, emphasi^in« 
conservation of energy, the film "r ovos" 
the annihilation, ^hovs the two S MoV 
gamma rays movm^j in cppositc directions. 

Distributed by Educf.t^ onal Services, 
Inc., Filn Library, j/ Gal«^n Street, 
W a t e r t o w n , Massachusetts. 

^^54 Principles of Nuclm Fission (16 n^jn, 
color, iO mm) . 

After considering the historic and the 
modern conceptions of the structure of 
the atom, the film shows diagramma ti cal ly 
the relation of its basic particles, elec- 
trons, protons, and neutrons. It de- 
scribes in detail how bombarding neutrons 
causes fission m Jranium 235 atoms and 
the production of ciiam reactions. The 
film then deals with the graphite nuclear 
reactor, showing methods of controlling 
action m a nuclear reactor and relatmq 
this to the production of electricity. 

Distributed by McGraw-Hill, Text-Film 
Division, W. 4 2nd Street, Now York, 

N. Y. 



5 0 Long Time Intervals (16 mm , 25 mi n ) . 

A discussion of the significance of long 
time intervals with a detailed description 
of radioactive dating arriving at an es- 
timate for the age of the earth. 

Distributed by Modern Learning Aids, 2 35 
Stuart Street, Boston, Mass. 

F51 Isotopes (16 mm, B&W or color, 15 
min) . 

The film shows uranium being separated 
into two isotopes — U238 and U235. It 
explains how j. j. Thomson first demon- 
strated the existence of isotopes and 
how Aston developed the first mass spec- 
trometer. It then shows two methods of 
separating isotopes and concludes by 
illustrating the uses of radioisotopes. 

^"52 The Linear Accelerator (16 mm, B&W, 
l2 min) . 

This film introduces the tneory of nu- 
clear transmutations and the production 
of hard x rays with laboratory acceler- 
ated particles. It shows the development 
and techniques from the original Cock- 
croft and Walton experiments up to the 
most recent traveling wave linear accel- 
erator, the design and underlying theory 
of which are described m detail. 

Distributed by McGraw-Hill, Text-Film 
Division, 330 W. 42nd Street, New York, 
N. Y. 



50 



Aid Summaries 
Reader 



i Reader 
* 

Charles P. Sno^^ 
1967 

C. P. Snow IS perhaps best known m 
this country among scientists for 
his famous book on tne "Tvv'o Cultures 
and the Scientific Revolution, " 
which stresses the separation cetivccn 
the sciences and the humanities/ 
particularly m a British academic 
environment. He is also a well-known 
British novelist, with a long series 
of novels to his credit. The present 
selection is from a recent collection 
of short biographies entitled "Vari- 
ety of Man." Snow had personal ;on- 
tacts with p:rnest Rutherford. Snow 
started as a research worker m the 
Cavendish laboratory while Rutherford 
"'as still director, and his research 
activities were the basis of an early 
novel, "The Search." The present 
selection is not a dull straight 
biographical selection, but is per- 
sonal and impressionistic. Most 
students will find it easy to read. 

2.^ THE NATURE OF THE ALPHA PARTICLE 
Ernest Rutherford and T. Rovds 
1909 

Rutherford's exnerimental techniques, 
in contrast to hose often seen m 
large laboratories today, were simple 
enough to be understandable by the 
beginning student. Rutherford re- 
ports on his experiments showing 
that the alpha particle is a helium 
nucleus. As he says, this had al- 
ready been suspected from his earlier 
work, but the desire was to establish 
it beyond doubt. 

3.i SOME PERSONAL NOTES ON THE SEARCH 
FOR THE NEUTRON 
Sir James Chadwick 
1962 

Chadwick was asked to :;peak at the 
Tenth International Congress of His- 
tory of Science at Cornell University, 
m 19 62, about his discovery of the 
neutron, woik that was done in Ruther- 
ford's laboiatory. The events de- 
scribed took place some thirty years 
earlier; memory could be in some 
instances fallible. However, there 
is an interesting story her^:,, partic- 
ularly involving Cavendish's working 
with and getting assistance from 
other people. 



V::s i I -ir.t is 
1956 

Th e s t u o r. t r .iv f i r. t h ' s ."^ r 1 1 r 1 • - .ri 
interestinv; contrast to the oarlior 
e xpe r i ro r t a 1 article i n the Ro avie r , 
Number 2, ircm Rutherford. Physics 
has chanv;ec: m the haif-contur/ t'lv^t. 
elapses het^veon tnose twol ro-j.r 
people v.*ere involved m tn.s 'aOI-. , 
and generally largo groups or pooplo 
may be collaborating on the sa^e 
experiment. Students who atteirpt to 
read this (not easy) article should 
be aware, as the first paragraph 
states, that there was strong theo- 
retical reason for believing m the 
existence of the anti-proton, even 
before the experimental work was clone. 

5. THE T.R^^CKS Or NUCLEAR PARTICLES 
Herman Vagoda 

1956 

The photographic plate fornushos a 
convenient way of studying the be- 
havior of nuclear particles, because 
such particles leave tracks m photo- 
graphic emulsions. The present paper 
discusses the technique for such ob- 
servations and shows how different 
kinds of particles, and different 
kinds of events, can be studied using 
the technique . 

6. THE SPARK CHAMBER 
Gerard K. O'Neill 
1962 

This article presents another method 
for "seeing" elementary particles, 
using the charged "tracks" that they 
leave m a gas . A high voltage is 
put across the ends of the chcL-nber, 
and sparks go along the paths. The 
author discusses other ways of ob- 
serving charged particles. This ar- 
ticle should be of interest in con- 
nection with the "People and Par- 
ticles" film.- 

7. THE EVOLUTION OF THE CYCLOTRON 
Ernest 0. Lawrence 

1951 

This IS Lawrence's Nobel Prize speech, 
given in 1951. Anyone who reads it 
will probably read the next "selec- 
tion" also. 

8. CUE CYCLOTRON AS SEEN EY... 
David C. Judd and Ronald MacKenzie 
1967 

Commentary seems superfluous 1 
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^ T , . r ."^ry » • r n u t v : r. 

/•Tt^ry :^:rnstein is p:v.^5xc:.st aDc 
^ritos a:vO'jt dcicr.cc ;' r ''ho NOa 
\cr<or . Tr.is article aivcs a par.o- 
rarxc vio-a- o: lar;o ccnterpcrary 
pir.'s ICS rodoarch institute. CK?:^'''.:i< 
creatoc for the !'uropoan s:tuatioi., 
•a I th nar.y .rail na 1 1 ons ^ r.oo 1 1 no 
:*ina;vv;s an J clients to '^:ako a ra^or 
r^'^varcn contor r.avm.: the ox;;cnsive 
facilities necessary f^r ni^-;i energy 
physios vork. This articlo"shouk: 
be valuable Cor cjiving students even 
at the elerentary lew scr.e insicht 
m -Ahat it is like to work in a na3or 
physics laborator\'. Thus in a sense 
2t also conr^l er.en ts the "Peoole and 
Partic-es" filr.. 

10. y.P TOMPriN'S TASTES A JAPANKSh MEAL 
Ge^^rce Gamow 

1965' 

Xany students are attr£:CteG to the 
fanciful physics of Gamow 's Mr. 
Torpkins stories. The topic ^s ele- 
nentarv- particles, and the treatment 
IS in tho usual light-hearted fashion. 
The student should knou- that he is 
dealing witn ratcnal at the r??9arch 
frontier, so that he sees :rcrv 
recent articles he r^.ay find dirfeient 
lists of particles z'r'w, tha*- shown 
on page 9 ' . 

11. MODEI^ Or TliE NUCLE* . 
Rudcif s. Peierls 
1959 

This Scientific A.?r.ericaj article cives 
a descript ve view of the^r\ci> 
of tne nucleus in use "oday. '...no 
of these theories ^ er.tire.v suc- 
cessful, but each has '5.iges of 
applicability w.,er»> it doe- r^- 
iict pore or less corr^^ctl; . 

12. POWER FROM THE ST APS 
Ralph E. LapD 

1960 

One of the rrja^or puzzles physic- , 
until recently was tb^ or -.-in of 
energy of suns. A quick ^^^tinatf 
shows that a sun is pourinq out an 
enormous amount o'" energv. Up un*: 
quite recently, there did not 
to be any process that ^o.ld e .. ^ain 
such huge amounts of energy over very- 
long periods. The eve^^* jal answer 
came tnr^uah an aiea of physics which 
seemed to consider very different 
problems, nuclear physics. This 
v"^ry readable article indicates how 
thermonuclear power is genentec m 
the sun. 



13. SlCC* SS 
I.au.a F-M-r ; 
1954 

The wife of the late Enrico Ft^r-^i 
describes the develoopor.t cf the 
CP 1 p'le at the Tmversity <>: Ohi.-i.:^ 
s,v-cish courts; the first criti^\il : . \. 
to be constructed, and a "^a^cr .^tc: 
toward the developront o: nuvTl^'ar 
power. The story is told m a .ira- 
- a 1 1 c f as h i on , f 1 1 1 1 n^: t ho c: r ar i 
nature of the events. The 
i^iaterial is also covered m a Fr^, ._-c*. 
Physics iilr^, "The World of rr : cr 
Fer-^ . " 

14. L.r, NL'CLEAR ENERGY .REVOLUTION 
Alvm M. Kembera and Gale Yo'''^ .- 
1966 

Cntii now, power froni nuclear r^'actors 
-iS been too expensive for wides'.>> ea.; 
civilian use in this country. But 
today electricity from such" reactors 
is econo?nically competitive and is 
projected to becoT»e much cheaper. 

15. CONSERVATION' LAWS 
Kenneth W. Ford 
1963 

This long and detailed discussion 
will be very valuable for the better 
student who wants :nore insight into 
modern physics than usually offered 
in the beginning course. Co.nserva- 
tion laws, the laws that say that 
something stays cons tan* while ot!.er 
things are changing, have played an 
increasingly important role in the 
development of all physics, and 
they are one of the central tools of 
mocern elementary particle theorv. 
In addition to the classical con- 
servation laws, such as that for 
energy and moment ur.i, new conservation 
laws have been developed for elemen- 
tary particles. Conservation laws 
are closely related to another im- 
portant concept, the mvariance of 
physical laws under .nathematical 
changes. 
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16. THK FALL OF PARITY 
Martin Gardno^- 

One assupf. t ivon often nade m physics 
early m this century, v;as tnat the 
laws of physics did not have any 
pre fere nee for r i oh t-n andedness or 
le f t-handedness . If one were sudden- 
ly to switch the uni verse around , 
chancing every t hi nrj that was right- 
handod m ter-^s of everything; tiiat 
was lo f t-handt.»d , nothmo essential 
would be altered. Like nany ideas, 
this one had consequences which could 
be tested. In 1956 people tried ex- 
periments to verify that this "conser- 
vation of parity/' particularly in 
the universe of elementary particles. 
Rather to everyone's surprise it 
turned out that parity was not con- 
served.- Martin Gardner , who may be 
familiar to your students as the 
author of the nathenatical oames 
section of S<~ ientific American , 
writes in his usual clear and lucid 
fashion.. Other parts of the book 
from which this is taken nay be of 
interest to students too. 

17- CA.\' TIME GO BACKWARD? 
Martin Gardner 
1967 

Even the beginning student may feel 
that there is something slightly pe- 
culiar about the concept of time, 
something different from the other 
kinds of physical variables.- Ve seems 
to have no control over it. Thi.ngs 
just "happen," and we cannot alter 
che flow cf tina. 

Neverthele.ss there have always been 
interesting puzzles connected with 
time in physics, puzzles vjhich are 
by no means resolved today. One is 
that associated with the idea of 
time as flowing, time as inexorably 
moving forward. Martin Gardner raises 
a question which has often been asked, 
sometimes very profitably, within 
twentieth century physics. Can we 
somehow r '■erse the direction of time, 
or cap v;e get useful results in physics 
by assuming that time does go back- 
wards? Perhaps surprisingly, this 
has been a profitable kind of specula- 
tion. This article relates to the 
two previous articles in the Reader, 
through questions of invariance and 
conservation. The telephone conver- 
sation between Richard Feynman and 
John Wheei.3r is also described by 
Feynman in his Nobel Prize speech ir. 
this reader. Students should see th'i 
Project Ph/sics film "Reversibility 
of Time," in connection with reading 
this article. 



18. A R"PO KT TO T!?K ?F CF.'": A -'V V.'AK 
J arcs r r an ck , Don a Id / . i iu.rhos , 
J.I. N I ckson , r'uoo ne \[?.b i nowi 1 cJi , 
(TiOnn T. Soaborc, Joyoe C. .^toarn^. 
Loo Szi lard 

196? 

The devolopror-t o: t'lo atone : ,,ri. 
m the Tnited .-tatos was hi.jhly 
stir^ulated by the .-cnowr. Gerr.an 
effort m this direct.cn. 
na.':nitude c: t*u^ iorran t^t r-^rt 
cc n.>> 1 de r ab 1 e . - 1, ude n t s w u ! d e n h 'V 
a recent book, T::r GKilMAX ATOMIC 
BOMB , by Irving.) W 1 1 h i n the ' r. 1 1 o c 
Statw^s, as the likelihood of a horh 
be cane closer and closer, sore of 
the scientist.*: who had worked on the 
atomic pro;}ects became concerned 
about the social und political conse- 
quences of atonic energy. Tho Metal- 
lurgical Laboratory m Chicago, where 
little active work was then comg on 
conpared to such feverish places at 
the time as Los .^lan-^os, was a center 
of such thought. The German atomic 
bonb was obviously no longer a threat, 
and these physicists worried about 
what would happen if a bomb were 
devGlcped. The Franck Report was an 
att'^mpt to influence the A^T.erican 
Government's policy with regard to 
the boiris, and to advise on the future 
political and social consec, jences. 
In lieu of later developments, many 
things in this report appear alipost 
propheti c. 

19. TWE.N-TISTH BIRTFiDAY OF -ths .ATOMIC AGE 
Eugene P. Wigner 

1962 

A distinguishpd theoretical physicist 
presents a somewhat differe.nt attitude 
toward the development of atomic 
energy from that reflected by the 
authors of the Franck Report, the 
last selection. The student should 
view this as a personal statement by 
a distinguished individual, trying to 
represent his own feelings in these 
issues . 

20. CALLI IG ALL STARS 
Leo Szilard 

1961 

Szilard was in the forefront en the 
physicists who tried to influence 
the development of atomic energy, 
both in military and civilian direc- 
tions, after the war. He UF«d a 
number of technigues for this, in- 
cluding the science fiction stories 
in his very interesting book, VOICE 
OF THE DOLPHINS. This excerpt from 
that book is a warning concerning 
the ultimate possible consequences of 
the use of atomic energy. 
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21. TASKS FOy A WORLD V;iTHOrr WAR 
Harrison Brown 

1960 

Brou'n gives prospects for the future 
and the urgent work that can be done 
It the energies of scientists and 
engineers can be fully devoted tc 
such work in a nore politically 
stable world. 

22. ONT SCIE.MIST A.\D HIS VIEW OF SCIENCE 
LouDold Infled 

1941 

Thi.<>- excerpt from inf eld's autobio- 
graphical QUEST IS an extremely per- 
sonal statement by a noted Polish 
theorc'tical physicist. Students mav 
be surprised, particularly if they 
have some of the stereotyped images 
of the scientist, as to the extreme 
passion reflected m this brief pas- 
sage, and the concern for social' 
issues at the end of the selection. 
Thir is recommended reading for youi 
clas' . 

23. THE DEVELOPMENT OF THE SPACE-TIME 
VIEW OF QUAA'TUM ELECTRODYNAMICS 
Richard P. Fevnman 
1965 

This is Fevnman* s Nobel Prize lecture 
of 1965. .Many sections will certcinlv 
be too difficult for the averace high* 
school student. Nevertheless /i t is 
felt that the speech has interesting 
insight- into how one kind of ohvsics, 
rundamental theoretical physics,' is 
conducted. Better students who want 
insight into twentieth century physics 
should be encouraged to read the 
article, with the understanding that 
the- will not be able to folio-*- all 
the details,, 

24. PH SICS AND MATHEMATICS 
Ri::hard P. Feynman 
1965 

This excerpt from Feynman 's Mess -^ger 
Lectuius , available on films from B.B.C 
and othfirs, discusses a central issue 
m physics, hew phycics and mathematics 
are interrelated. 
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D59: Mineral Audioradiograph 

Autoradiographs played an mportant 
role m early discoveries of radioactiv- 
ity. For example, in 1895, in the set 
of experiments m which Roentgen discov- 
ered X rays, he developed a photographic 
plate which had been accidentally ex- 
posed while lying near an apparatus 
wnich emitted x rays. Later*, while at- 
tempting to expand one part cf Roent- 
gen's work, Beccuerol discovered natural 
radioactivity when he developed a photo- 
graphic plats which had been exposed to 
the phosphorescent substance, potass iun- 
uranyl sulfate, under conditions m 
which Beccuerel only expected a weak 
inage. (See Section' 21.1 in Unit 6 or 
pages 657-3 m Holton-Roller) . Auto- 
radiographs are still used for work 
with tracers, etc., and can provide 
some quick and useful evidence of radia- 
t ion . 

This demonstration on the "Becquerel 
effect'- is designed as an introduction 
to radiation and should be used as the 
first piece of evidence of spontaneous 
radiation and its effects. The den»on- 
stration might even be done before the 
first reading m Unit 6 is assigned. 
The techniques Ua<-A here are also used 
later in a tracer experiment on plant 
growth. 



EouioiTient 



Polaroid sheet film, and film roller 
or camera back for sheet film fcv devel- 
opment. (Better results are cot?-ned 
using a thick emulsion x-ray film such 
as East7[ian-No-Screen, but this also 
quires darkroom supplies for develop- 
ment,) v?e would encourage those who 
have developed films to do this experi- 
ment by wet-method, i.e., using a 
darkroom, so tnat students will see it 
at least once . 

Kit or SIX samples of materials 
(thiae of which are radioactive). It 
s also desirable to have ^ watch with 
a radium flourescent dial (a prewar 
watch is likely t< act as a strong 
source) , 



Procedure 

The specimen samples should be placed 
on tne film and left for over forty- 
eight hours. A watch, if it ir a strong 
source, needs less than twelve hours' 
exposure. A 50-microcurie source of 
Ti"°'* will produce a noticeable mark in 
fifteen minutes. After exposure, the 
fil?i is developed, and the question 
raised as to the cause of the exposed 
areas and how it passed through the 
paper wrapper covering the film. 



D60 Naturally Occurring 
Radioactivity 

It will probably come as a surprise to 
most students that even very "ordinary" 
things can be radioactive. Radioactive 
matter does not have to be artificially 
made, nor is uraniun? tho only naturally 
occurring radioactive element. 

Natural potai^sijm contains three iso- 
topes: K^' and K'- which are both stable, 
and which decays by r-cmission to Ca ' 
(which IS stable). Tne approximate natural 
abundr.iices of the three isotooes arc ' , 
93^o- K^ , .01%; K-'-, 6.9%. The half-lifo 
of K'* - IS 1.3 X 10^ years. A straightfor- 
ward calculation (based on the natural 
r.DUndance, half-life, Avogadro's number) 
show-; that there should be about 10'- dis- 
in*- -grations per minute m one kilogram 
of naturally occurring potassium chloride. 
Of course, not all the emitted r particles 
will ever be counted, buL the calculation 
certainly indicates that with a suitable 
geometry a count significantly above 
background should be obtained*. 

The 2 radiation is at 1.32 McV and can 
be counted with the Project Physics GM 
setup. 

Make sure that the KCl is as close to 
the window of the tube as possible, A 
count of 40 to 60 per minute (i.e., 2-3 x 
background) should be obtained; it is 
not necessary actually to count to appre- 
ciate tne difference. 

Connect the counter system to an 
amplifier and speaker that will let the 
whole class hear or see the pulses. Den.- 
onstrate the background level before and 
after tne KCl count. 

It is a good idea to use "Analytically 
Pure" KCl, to bring home the [oint that 
the radioactivity is not an impurity , 
but that all naturally occurring potassium 
contains a sraall amount of the radioactive 
iso^ope . 

T wo points for discussion 

1. The material contains less than .01% 
of radioactive material. vAbout half this 
amount becauce KCl is roughly half K, 
half CI, and the CI is not radioactive.) 
It has a half-life of about 10^ years. 
The count rate is about one disintegration 
per second. These numbers give us a 
feeling for the number of atoms present 
in tne sample or alternatively for the 
.size of an atom. In 10^ years cime the 
rate will be down to abouc one every two 
seconds, and, taking the "average" decay 
rate about one per second, 1 60 x 60 x 
24 365 X 10^ atoms will have decayed. 
This number (of the order of 10^ ®1 is 
about half of .01% of the total namber 
of atoms preseiit and close enough to the 
Geiger tube so that tho 6 particles thiy 
emit reach it. 
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2. Ask i.tudents with an interest m 
chonistry: if potassium salts always 
contain K' , and • decays to Ca"*-, 
how can any potassium compound ever 
be obtained free of calcium? And if 
a calcium free sample were obtained by 
chemical separation, would it remain 
calcium free? How quickly would it be- 
come contaminated? (Not very — about 
.0025% Ca-^ after 10- years!) 



D61- Mass Spectrograph 

To construct the model of the mass 
spectrograph mount a piece of window 
^lass horizontally and place a strong 
nactnet under it, close to the glass; 
f:>r the inclined "launcher," fold sev- 
eral index cards and attach them to the 
qlass with rubber cement. When ball 
bearings of various sizes are launched 
from t'le incline to roil across the 
jlass along a path that passes near the 
magnec, the larger bearings are deflect- 
ed less than the smaller ones. If boxes 
are placed at the edge of the glass, as 
shown m the figure, each will catch 
bearings of a different, given size (or 
range of sizes) . Adjustments can be 
niade by changing the position of the 
magnet. The bearings can be launched 
in any order; ho^•ever, if the launching 
rate is toe rapid, the fields induced 
in the bearings vili interfere with the 
paths of consecutive rearings. 



D62: Aston Analogue 

An analogue of Aston 's porous plug 
isotope separation might be constructed 
by interested students as fellows: 
Hand operated pistons at the sides of 
a box generate fairly random motion of 
the contained marbles and steel bearings 
(of the same size) . A hole m one of 
the other sides of the box allows the 
"molecules" to escape, and should favor 
the lighter, faster-moving marbles. 
N'.B., this analogue has never been con- 
structed an^ may not work. If not, 
discuss why not.. 



enriched "bearing" isotope 
I 



'tt n — ^ 



A 



D 




enriched "marble" isotope 




Tf some students wish to build such 
a model, its inadequacies should be 
thoroughly discussed. Doas the model 
have a velocity selector? No, but a 
single calculation s\ows that bearing 
velocities at the bottom of the ramp 
are constant: mgh = H mv^ , v = /2gh. 
Is the deflecting force similar to that 
in thft mass spectrograph? No, m that 
tu"^ ovB forctj in the mass spectrograph 
exists m discrete multiples of the 
charge on the particle, and as a func- 
tion of V; while here it is a function 
of the ferromagnetic mass of the bear- 
ing, and independent of v. 
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LOOP 49: Collisions with an Unknown Object 

It IS intended that this film be used 
to encourage interest in Chadwick's ex- 
periment; obtaininc, the numerical value 
of the unknown mass is not as important 
as the experience of finding it by an 
ingenious indirect method. 

In the slow-motion scenes, the colli- 
sions have been planned to occur near 
the left of the f>'ame, so that there can 
be no attempt to measure the incoming 
ball's velocity v. 

The iron balls used for the f ^In were 
hardened by heat treatment after noles 
for the suspension strings were drilled. 
Evidently the treatment was insufficient; 
the collisions are not very elastic. As 
shown m the student notes, the coeffi- 
cient of restitution e neeu not be known, 
but it should be the same for the two 
events However , m case 1 , e i s about 
0.44, and m case 2, e is about 0.64. 
Thus the assumption of constant e is not 
correct for the actual filmed experiment. 
? e numerical value of m found by the stu- 
dent will therefore be m error. However, 
this point need not be stressed, since 
the film's mam purpose is to illustrate 
Chadwick's indirect method of finding 
the neutron's mass. In Chadwick's 
neutron experiment, the target nuclei did 
not store any potential energy, and the 
collisions were indeed perfectly elastic, 
with e = 1 in each case.^ 

From measured values of Vj and V; and 
the given values of ai d the un- 

known mass m turns out to be about 460 
grams. For most students this should be 
the end of the experiment — th-^y have de- 
termined an unknown mass by inairect 
measurements, using a method entirely 
analogous to Chadwick's historic experi- 
ment. 



For the teacher \s 
tion, m was actually 
within 1 per cent of 
smaller target ball. 
V) can be measured f 
lation of the spirit 
perimentl) If m and 
find V using Eq. (2) 
find V2 using Eq. (3 
be negative) . In th 
ities become known, 
of restitution can b 



background infcrma- 
449 grams , i.e., 
tne mass X of the 
Also, the velocity 
rom the film (m vio- 
of C.udwick's ex- 
v^ are known, we cxa 
, and then we 3an 
) (it turns out to 
IS way all the veloc- 
and the coeff icj-ents 
e found: 



The answers to the questions arc: 

(1) In our experiment, M^/M; - 12.2; 
m Chadwick's experiment, M /M| 
= 14.0. 



(2) e 

(3) V 



1.000 m Chadwick's exper imeiit . 
(Mj - Mi) (ViV. ) 



(i + e) (M>V; 



M,Vi ) 



ei - (Vi - vi)/v = 0.44 
62 = (V2 - v/2)/v = C.64 



It is this difference betweon the elas*^c 
behavior of the balls that acco^'nts for 
the lack of precise 'lumerical aa reement 
between the computfjd mass m and i*he t*ue 
value (not giver, in the studei.c notes) . 
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E44*: Random Events 

Many phenomena occur m a completely 
random way. The rolling of dice and 
the breakdown of unstable atomic nuclei 
are two convenient examples for labora- 
tory study. 

This group ot experiments should 
heighten students' appreciation for 
three important ideas: 

1 As well as the variation m data 
introduced by difficulties m tne mea - 
suring process (e.g., scale interpola- 
tion etc., as discussed briefly m 
Experiment 9*: Newton's Second Law, etc.) . 
the observed quantity itself (e.g., 
number of radioactive auclei disinte- 
grating per minute) may vary from obser- 
vation to observation. 

2,, Although the outcome of single 
eve'^.ts of this kind (roll of a die or 
count of radioactive breakdowns in a 
minute) is unpredictaole , it is quite 
possib-^e to get useful information 
about such randomly occurring events 
provided enough events are observed. 

3. This useful information follows 
from the properties of the regular pat- 
tern of distribution tnat evolves as the 
number of random events grows large. 
The larger the number of observations 
the more precise o-come the deductions 
and predictions that can be made. 

Divide students into three groups 
so that each student does only one of 
the following three experiments. 

Equipment 

Dice Before class, put a large spot on 
one side of each of the 20-sided d:ce 
with the marking pen provided. Provide 
a container about the size of a shoe box 
for ^nakmg the dice. It may be neces- 
sary to muffle the sound of shaken dice 
to f:revent interference with the students 
who are listening to Geiger counter 
" clicks" . 

G eiger tube Determine uhe mean back- 
ground count rate for your Geiger tube 
before class. Then choose a time inter- 
val for the experiment such that students 
will observe from 5 to 10 "clicks" per 
time interval when they are obtaining 
their data. In order to get a reasonable 
amount of data m one class period with 
the tube supplied by Pro^ject Physics you 
may need to increase the count rate by 
placing a raaiation source at such a 
distance from the tube that 5-10 counts 
are recor-^eci m about 15 seconds. On the 
other hand the background rate may al- 
ready be as high as this in some loca- 
tions • 



Cloud chamber Prepare the cloud chamber 
by placing the alpha source inside and 
putting a small barrier nearby (Fig. 1) ; 
this can be a 1" x 2" piece of cardboard 
with a small hole m it, folded to form 




Fig. 1 

a V so It will F land on edge. The hole 
should be to the side of the needle. 
Relatively few particles emerge parallel 
to the needle from its end. The size of 
the hole must be determined by trial; 
for ease m counting, tracks should ap- 
pear beyond the hole m the barrier at 
not more than about one per second. 

Moisten the felt or paper ring m the 
chamber with alcohol and place the chamber 
on a slab of dry ice. If dry ice is not 
available, airr the nozzle of a CO^ fire 
extinguisher at a pad of cotton or other 
insulator and discharge the extinguisher 
at it briefly. The resulting "snow" 
should operate the chamber for several 
minutes before it must be replenished. 
Make sure your fire (Extinguisher does 
contain CO2 (and not foam, for instance!) 
before trying this To observe, direct 
a fairly bright beam of light horizontally 
across the chamber. A flashlight, small 
spotlight, light source from Millikan 
apparatus, or slide projector will do. 

If the experiment (E45*) on the range 
of alpha and beta particles is going to 
be done later you can have students mea- 
sure the source-to-hole distance and the 
area of the hole. Taey will then have 
all the data they need for the first half 
of the range experiment. 

The counts of alpha particles m who 
diffusion cloud chamber may be adversely 
affected by several factors. 

1. It IS difficult to maintain a con- 
stant temperature gradient m the cloud 
chamber for any length of time. The dry 
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ice continually disappears and the alco- 
hol evaporates from the blotter and may 
trickle down the sides of the chamber. 
The light source tends to warm the 
chamber. Due to all these slow changes, 
the conditions for observing tracKs prob- 
ably deteriorate during the experiment. 

2* The static electric charge on the 
plastic container slowly changes, alter- 
ing the clarity (fazzmess) of the tracks 
unless ^ou rub the cover occasionally 
with a .Lean dry cloth. 

3. If a flashlight is used, its inten- 
sity slowly decreases, decreasing also 
the probability of seeing all the tracks 
m a given region. 

Obtaining the data 

Assign students to teams accord !.r.:j to 
the number of sets of apparatus you have. 

If possible, have the recorder for 
each team display his data on the black- 
board or a large sheet of paper using 
the kind of table suggested in the stu- 
dent's notes. The entire class can then 
watch the developing regularity of the 



Table 1 



patterns o.: numbers. If the teams work 
efficiently they can each obtain at least 
a hundred counts m a single class period. 

Typical data from the cloud chamber 
follows m Table 1 and Figure 2. 

Analyzing the data 

Stress the point that there is no 
"correct" histogram. But the larger che 
number of observations the more closely 
the results approach the pattern pre- 
dicted by probability theory. 




Fig. 2 



number of 
tracks ob- 
served m 
one minute 
(n) 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
2\ 
25 



Hean, n = 11 



number of 
times ob- 
served 
i frequency) 
(f) 



1 

11 

1 

1111 

Wtt 1111 
11 

Hi 

1111 

1111 

1111 

1 

1 

11 



total num- 
ber of 
events 
observed 
(n X f) 

0 

0 

0 

0 

4 
10 

6 
35 
32 
81 
70 
33 
48 
52 
56 
15 

0 
17 
36 

0 
20 

0 

0 

0 

0 
25 

540 



Notice that the histogram in Fig. 2 
IS lopsided. This will always occur when 
the mean value (11 in this case) is small. 
Moreover, when th e mea n is as small as 
this the mean ± /mean range will enclose 
more nearly three-quarter s of all the 
observations as the number of data grows 
very large. 

The fraction of all observations in- 
cluded in "mean J /mean" range for vari- 
ous mean values is given in Table 2. 
(This table refers to the theoretically 



Table 2 
n 

4 

9 
16 
25 

36 
100 



Fraction within 
n t /n 

.8166 
.7600 
.7413 
.7295 
.7217 
.7080 



predicted distribution — see below — not 
to actuc*] results based on a limited 
sample . ) 

In Table 2 it can be se^n that frac- 
tion of o bserv ations included in the 
"mean + »^ean" range decreases towards 
two-thirds as the mean value grows large, 
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The fact that the fractions thc*t stu- 
dents report vary from these values 
should not cause concern since the tabu- 
lated fractions are approached only for 
very large samples. Students doing the 
present experiment gather so few data, 
even in s'^veral class periods , that the 
fraction of their res ults in the range , 
mean ± mean , will fluctuate rather 
sharply above and below the "two-thirds'" 
figure mentioned. And as pointed out 
in the Student Handbook tne range mean 
± /me an is difficult to interpret wh3n 
/mec,n is not a whole number. 3o for 
this experiment tne precision implied 
by Table 2 is quite irrelevant. 

Stri ctly speaking from count = mean 
± /mean (with 2/3 pro babi lity) it follows 
that mean = count i /mean (with 2/3 prob- 
ability) . But if one is trying to esti- 
mate the meai. th: s formula is not much 
help cince /mean is obviously unknown . 
The expression mea*" = count + vcount 
given in the Stude t .iandbook is used 
instead , 

Students who are interesJtGd in prob- 
ability theory will want to explore this 
natter further. Several excellent books 
tn probability are availaole, including 
Lddy Luck , by Warren Weaver; Facts from 
Figures , by M.J.. Moroney; and Mathematics 
for the Million , by Lancelot Hogben. 
These books explain the various kinds 
of distributions to be expected from 
observations of random behavior. The 
distribution that applies to this exper- 
iment on random events is called the 
Poisson distribution. Stated in formal 
terms, the probability of observing n 
events per unit t .ine when the mean of a 
great number of observations is n is 
given by _ 
-n -n 

p:n) = Ji-^ 

nl 

It has been found by experiment that 
measurements of radioactive iecay fit 
this distribution very well. 

The theoretical distribution tcr 1000 
observations given in the Student Hand- 
book was obtained by setting n = b and 
letting n take the values 0, 1, 2 . . . . in 
the above expres s ion . 



E45*: Range of Alpha and 
Beta Particles 

One important idea to emphasize is 
that different kinds of radiation, though 
invisible to the eye, have observably 
different properties and require differ- 
ent instruments for their measurement. 



Another idea is the manner in which 
alpha and beta particles lose their en- 
ergy Their loss of energy by the ioni- 
zation of matter is one of Lhe signifi- 
cait reasons for the effect raaiation 
hat on people and is one of their useful 
properties as tools for studying the 
structure of atoms. 

Th^re is nothing in the following 
experiment that requires the students to 
have studied the text on the properties 
of alpha and beta rays. Hence this may 
be treated, if desired, as a "discovery" 
exercise 

If students doing the random events 
experiment measured the f o of the hole 
through which alpha part^ .les were counted 
and also its distance from the source, 
they are almost ready to do the first 
half of the present experiruex.L as an 
exercise in calculctcion. They already 
have their data except for a measurement 
of the range of the alpha particles. 

In addition to the materials in the 
equipment list Cp^.-lO) you or the stu- 
dents need to make a distance scale on 
the bottom of the cloud chamber by 
scratching the black paint on the r.nder- 
side in the pattern shown below. 




Alpha pa rticles 



Students may observe alpha tracks of 
energies as high as 6 MeV, although they 
should notice that the length of tracks 
does not vary much. In general, alpha 
energies of naturally radioactive sources 
vary from 4 to 8 MeV, but for a particular 
source, they cluster closely around one 
principal energy. One source often sup- 
plied with cloud chambers is radium DEF 
which emits alphas of 5.3 MeV. 

The following typical calculations 
involving alpha particles are based on 
the data tabulated in the preceding ex- 
periment on random events. (Teacher 
Guide: Tatle 1 and Fig. 2.) It was shown 
there that the mean count was 11 alpha 
particles per minute emerging through the 
small hole. 
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From the geometry of the cloud chamber 
arrangement (noted on graph, Fig. 2) we 
can find the total number of alpha par- 
ticles (true count) by proportion 



true count 
11/min 



3.14 



2.5 



2.5 cm^ 



0.5 cm^ 



true count = 172 7/min 

These particles are observed to have 
a range of about 3.8 cm and hence (from 
Table 1) an energy of 5 . 3 MeV each.. 

The total energy of all 1727 particles/ 
mm will therefore be 

mi . 5.3 „ev = iiS^JJeV 
min min 

Converting this to ;]oules 

iil^^ . 1.6 X 10-13 joules 
min 



= 1.46 X 
or to calories 

1.46 V 10-9 joules 



10"^ TQules 
min 



1 cal 



absorbers were between the source and the 
Geiger tube. 

If the curve is plotted on senu-log 
paper with counting rate along the loga- 
rithmic axis, the graph is nearly a straight 
line for high counting rates and thin ab- 
sorbers. Then as the absorber thickness 
increases the rate of decline slows, which 
means that the straight line curves to be- 
come more nearly horizontal.. It is as if 
additional layers of absorber were de- 
creasingly successful in absorbing addi- 
tional beta particles.. 

The explanation for this effect is 
quite interesting. In Unit 4 it was ex- 
plained that an accelerating electric 
charge must radiate energy. Beta parti- 
cles are electric charges and they are 
being accelerated (negatively) m the 
absorbing material. The electromagnetic 
radiation they emit, called "bremsstrahlung , " 
is being detected by the Geiger counter 
and added to the counts of the beta par- 
ticles. > The thicker the absorber the 
larger is the fraction of counts due to 
bremsstrahlung . 



4.18 joules 



= 0.34° X 10"^ 

min 

To generate the necessary lOO calories 
would require 

100 ca l . 

- 5.5 X 10^ years 

0.349 X 10-9 cal/Min 

which IS why calorimeters are not used as 
radiation detectors, and why very much 
"hotter" sources are in nuclear power 
plants . 

As a final note on the alpha-particle 
experiment it is worth observing that the 
luminous paint on old Jpre-WorJd War II) 
watch dials (and on some new ones too) 
emits alpha particles of a wide variety 
of ranges from the accumulated decay prod- 
ucts of the original radium. 

Beta particles 

V^c- curve of beta particles counted 
by the G-M tube against the thickness of 
aosorber looks like an approximately ex- 
ponentially-decreasing one. If all the 
betas could penetrate the same thickness 
of absorber, the curve would be flat up 
to the given thickness, then drop sharply 
off to the background count. Curves made 
with different absorbers snould have the 
same form, but with differing half-value 
thicknesses — that i,3 , the thickness of 
absorber required to reduce the count 
rate to just half what it was when nc 



E46*: i-lalf-Life I 

Exponential growth and decay occur in 
so many natural processes that it is im- 
portant for students to study examples 
in the laboratory. Three kinds of expo- 
nential decay are described in this ex- 
periment; students may be able to think 
of other examples to investigate on their 
own. The results of students' observa- 
tions are examined graphically, and know- 
ledge of the mathematics of exponents 
and logarithms is not assumed.. Teachers 
may choose to have students use semi-log 
paper for their graphs or to plot logar- 
ithmic values if this seems appropriate. 

Preparing for the experiiienn 

A. Twenty-sided dice (eiqhc-sided dice, 
optional) . As in the ex^^'^riment on 
random events (E44*) , a ^jhoebox is con- 
venient for shaking the dice. You can 
save time by having the dice "arked be- 
fore class. The Student 1 m ^oook sug- 
gests marking two sides of each die. 
This means that twice as many marked 
sides show after each shake, and the 
experiment proceeds more rapidly. One 
side Will already be marked from the 
previous experiment. Mark a second side 
in another color (wso that experiments 
reau-.ring a one-in-twenty probability 
can still be done) . 

B. Electric circuit. Reter to the cir- 
cuit diagram. 
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^ \j 



I I 



Fig. 1 



The capacitor suggested by Project Physics 
has a capacitance of 6000 mF — a high 
value of capacitance is necessary to give 
a reasonably lo\g time constant. Closing 
the switcn* causes the battery to charge 
the capacitor; when the switch is opened, 
the capacitor discharges through the volt- 
meter.- The difference m potential V 
across the capacitor is a function of the 
time t which has elapt J after the switch 
IS opened, the capacitance C, and the 
resistance R of the voltmeter: 



sure to observe the polarity markings;- 
large capacitors are usually electro- 
lytic and are damaged if their polarity 
IS reversed. 

Of course other meters can be used 
too. A typical multimeter (volt-ohm- 
mi lliammeter) has a dc impedance of 
20,000 ohms per volt, so that R = 20,000 
ohms on the one-volt scale, 200,000 ohms 
on the ten-v^olt scale, etc. A vacuum 
tube voltmeter typically has a resistance 
of about 10 megohms. This will give a 
time constant of T;^ = 0 .693 RC - 0.69 3 
X 10 X 10^ X 6 ^ 10"^ = 41 ^ 10^ sees — 
too long for an experiment. R must be 
reduced by adding a resistor (e.g., 
10,000 ohms) m parallel with the meter 
and capacitor. 



— i^- 



V = V e 
o 



-RC 



where V is the initial value of V, at 
t = 0. ° 

The quantity RC is called the time 
constant of the circuit When R is m 
ohms and C m farads, the dimensions of 
the product are seconds. The Quantity ^ 
m this expression is analogous to the 
quantity \f tne radioactive decay con- 
stant. The "half-life" of the circuit is 



.693 



= .693 RC. 



It will not be r ecessary to go through 
this calculation with sturlents. However, 
the information given here will enable 
you to select suitable values for R and 
C. For example, a 2.5V dc meter would typi- 
cally have a resistance of 10,000 ohms/volt, 
i.e., a resistance of 25x10^ ohns . With 
C = 6 X 10"^ farads, this gives RC = 150 
seconds and = 104 seconds. (A simple 
way to charge the capacitor to 2,5V — or 
ani other desired voltage below 6V — is to 
use the Project Physics amplif ler/power- 
supply unit. Simply set the dc offset 
control to the required voltage and con- 
nect the capacitor across the output.) 

Do not exceed the maximum voltage 
indicated on the capacitor, and be 



switch is noi essential; one can make 
and break contact with a clip lead. 



Fig. 2 

On the other hand, if you have to use 
a meter with a low resistance, you will 
need to put additional resistance m 
series with the meter. For example, if 
the meter resistance is 1000 ohms and 
C = 6000 micro-farads, RC == 6 seconds, 
which is much too short a time. Putting 
an additional 9000 ohms in series with 
the meter makes R - 10,000 ohms and 
RC = 60 seconds. The "^itmeter reading 
will now be only a fraction (in this 
instance one tonth) of the total voltage 
across the capacitor, but it will still 
vary with time m the Scime way. To get 
a nearly full-scale voltmeter reading 
when the capacitor is charged, the volt- 
age across the capacitor must be ten times 
the full scale reading of the meter. 



V 



\ 



! I 



! ^ 

Fig. 3 

C. 'jhort-lived radioisotope. This exper- 
iment requires quite a bit of advance 
preparation by the instructor. However, 
students should find working with a short- 
lived is'otope a rewarding experiment, 
well worth a little extra effort. The 
advantages of this particular method are: 
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(1) the starting material, thorium nitrate, 
can be purchased from chemical suppliers 

at any time and stored indefinitely; 

(2) the isotope to be used has a half- 
life of only 3 minutes, so students can 
observe its decay over several half-lives 
m one class period; (3) the procedure is 
relatively safe since the isotope decays 
quickly to a stable end product. 

The experiment is based on the fact 
that a thorium compound containG not 
only thorium atoms, which are naturally 
radioactive with a half-life of over 10^^ 
years, but also a stries of daughter 
atom^ . as explained m the student text. 
The J sotope used m chis experiment, 
thallium 208, is separated from the mix- 
ture by selective adsorption when the dis- 
solved salts are poured over a layer of 
ammonium phosphomolybdate on filter paper. 

The decay of thallium (Tl) may be 
written 



a 1 



The materials to prepare 2n advance are: 

(a) dilute nitric acid. Plc.ce m a 
flask or bottle 25 ml of concentrated 
nitric acid diluted to 200 ml with dis- 
tilled or deioni7.ed water. 

(b) thorium nitrate solution. For 
each series of counts to be taken, dis- 
solve 6 grams of thorium nitrate m 12 ml 
of dilute nitrjc acid. In ot-her word:., 
if you expect to have the experiment per- 
formed 5 times m a day, dissolve 30 'jrams 
of thorium nitrate in 60 ml c ii] ace 
nitric acid. However, after the r luMon 
has been poured over the adsoxbm-' material 
to remove the thallium 208, the it cay' of 
other meirb)ers of the thorium s'-rics very 
quickly replaces the thallium n the fil- 
trate. In theory, you should iv able to 
continue using the same solutii p indefin- 
itely, simply waiting 10 or 15 minutes 
between successive filtrations. 

(c) aiTunonium phosphomolybdate. This 
IS supplied as a yellow powder. place 
it in a bottle, add distill<^d water and 
shake vigorously. The powder is insol- 
uble and will form a slurry. 

The experiment 

A. Tw<?nty-sided dice. Students are asked 
to shako the dice and remove those with 
a marked -ide on top. Since the dice 
have two marked sides, the probability 
that a marked side will appear on top is 
one m ten: this is analogous to d radio- 
active decay process with'x =0.10 per 
obsr-vation. The half-life is 

T = - 0 ,693 ^ . Q ^ , 

S H ' 0.10 " ^'^ shakes. 



64 



After 7 shakes, the dice should "decay'* 
from 120 to 60; after 7 more shakes, 
30, etc. 

The Student Handbook suggests alter- 
natively that students shake the tray 
5 times, find the average number of spots 
showing for tne 5 shakes and remove that 
number.. This is cime-consummg but may 
be necessary if students are to be con- 
vinced that tiie number "decaying" is 
proportional to the number shaken. 

The reason for plotting two graphs, 
one shewing the number of dice removed 
per shake and the other the nurriber re- 
maining, IS to show that ti'e curves have 
the same shape. Averaged over many 
shakes, or— vhich amounts to the same 
thing — if the sample is large enough, 
the number of dice removed per shake is 
proportional to the number of dice re- 
maining: AN « N. This IS the key idea 
of exponential decay processes and the 
fundamental law of radioactive decay. 

A more elaborate version of this ex- 
periment, which IS analogous to a radio- 
active decay series, is as follows: each 
time a 20-sided die is removed, replace 
it with an 8-sided die which has one side 
marked. (For this experiment the 20- 
sided dice should have a one -m- twenty 
probability of decay — ignore the second 
marked side.) After each shake record 
the number of each kind of die which has 
a mark on top. Then remove 20 sided dice 
with marked side up and replace with 8- 
sided dice; and replace all marked-side 
up 8-sided dice with bolls (representing 
stable atoms) , Count the numboi of 20- 
sided dice, S-sided dice and balls re- 
maining in the tray after each shake. 
When the resulting numbers are plotted, 
the graph will look like the one in the 
text illustrating the decay of polonium 
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Pig. 4. A typical r^^sult obtained 
In the dice-shaking analogy. 
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B. Klectric circuii:. The da»uu[it uf 
emphasis placed on the process involved 
m this part of the experiment will de- 
pend on how much students learned about 
simple electric circuits m Unit 4. If 
ciicuits containing resistors m Sf>T*ie;] 
and parallel have not been studied pre- 
viously, It will not be worthwhile to 
introduce their, now. But students can 
still record voltmeter readings as a 
function of time and see that the re- 
sulting graph is a curve ^hich is similar 
to those obtained from radioactivity and 
dice . 

Students can look for a relationship 
between R and Tj^ if they ui derstand how 
to compute the resistance of resistors 
in series and parallel, and if the re- 
sistance of the voltmeter is known. A 
plot of T, vs.> R should be a straight 
line. ^ 

C. Short-lived radioisotope. At the 
sink v'here you have set up the filter 
flask and pump, place the funnel on the 
filter flask, shake the bottle contain- 
ing the slurry of ammonium phospno- 
molybdate and pour the slurry into the 
funnel, depositing a layer of the pre- 
cipitate uniformly over the filter paper 
to a thickness of about 1 mm. Wash this 
with distilled wate-, then pour the 
thorium nitrate solution slowly, a few 
Jrcps at a time, over the precipitate. 




Fig. 5 



Wash with dilute nitric acid and let the 
filter pump dry it for a few seconds. 

The Geiger tube supplied by Project 
Physics is an end-window tube with a 
dian\eter less than that of the funnel 
(See Fig. 6). If you are using this tube 




Fig. 6 

It will not bo necessary to remove the 
radioactive sample from the funnel. In- 
stead, wrap a single layer of Saran-Wrap 
around the tube to avoid contammatmtj 
It. Then remove the top part of the 
funnel and insert tne Geiger tube care- 
fully into it until the window is very 
close to the sample but not touching it. 
Emphasize to students that - vs'indow 
of the Geiger tube is very t*iin and 
fragile. 

The radioisotope which xs adsorbed 
from the mixture of thcri* m dciughter 
products is thallium 208, vhich has a 
half-life of 3.2 minutes. If st\«Jents 
can count for at least ten half-rinute 
periods, this will induce a^oi t three 
half-lives. Again, stres? ^ne ^ict 
that an exponential curve result * when 
equal fractions decay m equal time 
intervals . 

Discussion 

Students should have the opportunity 
to compare graphs from all three decay 
experiments. If students have learned 
about logarithms, have them make a 
second graph, plotting the logarithm of 
the quantity which decays as a function 
of time (or shakes) . Alternatively, 
distribute semi-log graph paper, so that 
students can come to appreciate the con- 
venience of this kind of plotting. Point 
out how much eajier it is cO determine 
the nalf-life from the straight line 
resulting from a semi-log plot., 

If two isotopes with differing half- 
lives are mixed together, the resulting 
curve will be hard to interpret. In the 
thallium ad'^orption experiment, most of 
the activity in the sample will be 
thalliup 208, with a half-life of 3.2 
minutes (plus, perhaps, traces of other 
elements with much longer half-lives) . 
As a result, a plot of the first 10 min- 
utes (after subtracting background counts) 
will show a decay curve almost entirely 
due to the thallium. (The net count 
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iate will level off to a steady value 
only slightly above zero if the separa- 
tion has not been quite complete.) A 
semi-log plot would show a very slight 
curve rather than a straight line. 

Students are asked to apply then 
knowledge of the relationship 

= ^ "x^"^ / to find the number of dice 
in a very large tray, given that 50 
marked dice appeared on the first shake, 
and that 4 shakes reduced this number 
to one half. Frcrp this, we find that 



But X IS the fraction which "decay" per 
shake., so \U = 50, where N is the* number 

50 ^ 



0.173 



of dice in the tray. Then N = 
290 approximately. 

The same kind of operation is used to 
tind the half-life of a very long-lived 
element such as uranium 238 (T, =4.5 
^ 10^ years) or thorium 232 (T^ = 1.39 
^ 10^- years). The total number of atoms 
in a sample is determined, then tae 
number of atoms decaying per unit time. 



NAt' 



is measured.. From this X = 



0._693 
\ 



Nit 



and T, = 

For example, suppose you have a 
sample containing 0.1 gram (1.0 x 10""* 
kg) of thorium 232, and observe 600 counts 
per minute, or 10 counts per second. You 
estimate from the geometry of the count- 
ing arrangement that the Geiger tube is 
actually counting about 2.5 per cent of 
the atoms which are decaying. The num- 
ber of atoms in the sample, N, is 



N = 1.0 X 10" 



kg 



1 amu 



1.6 X 10"27 Jtg 



1 a tom - _ , ^5 n 
2 32 amu = ' ^^oms. 



Then X = ^ = 10 



counts 
sec 



(The method for separating tnallium 208 
from thorium has been adapted from an 
article by John Amend m The Science 
Teacher, May 1966.) 



E47 : Half-Life II 

The sample used m thi:: experiment is 
easier to prepare than the thallium 208 
used m Experiment 46. On the other hand 
It has a rather awkward half-life (10.6 
hours) which means that counting should 
be continued over several days. And even 
if a count is taken early in the morning 
and late in the aftornoon the plot of 
count-rate against time will have large 
gaps in it. 

Container 

Plastic refrigerator jars, ice cream 
containers, etc., work well. It is easy 
to make holes in the top and side (try 
the tip of a hot soldering iron) . Use a 
thinnish disc of sponge rubber at the 
bottom of the container and moisten it 
with 10-20 drops of water., (A damp at- 
mosphere increases the amount of deposit 
collected on the top plate) . The top 
foil (Reynolds Wrap etc.) is held in 
place by the screws; the lower one is 
held in the alligator clip. 

Spread about 50 grams of pulverized 
thorium nitrate in a shallow dish (e.g. 
Petri dish) . No special power supply is 
needed for the high voltage. Use the 
450V terminal on the scaler. Make sure 
that the top foil is at lower potential 
than the bottom one. 



2.5 X 10-2 




'X-^ ^ 



2.7 X 102 0 ^toms 

= 1.5 X IQ-^B pgj. 



and T, = 



0.693 



0.693 



^ 1.5 X io-i8 per sec 

= 4.6 X 10 1 7 

,17 1 yr 



4.6 X 10 * sec X 



3.15 X io7 sec 



.11 



Side 0\i'jJ 



= 1.5 X 10 '0 



years . 



ERIC 



66 



Experiments 
E47 



\ 




Fig. 2 



Fig. 1 



Sample . Let the apparatus stand for 
about 2 days to get a sample of maximuin 
activity. Turn off the high voltage be- 
fore removing the lid of the container. 
If you have several Geiger counters you 
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can cut several samples from each piece 
of foil — the sample need be only slightly 
larger than the window of the Geiger tube. 

Results . Students will probably report 
that the sample does have a constant half- 
life (this is much easier to see on a 
semi-log plot) , in spite of the fact that 
several isotopes with different half-lives 
are present in the sample. They should 
report a value of T, = 10.5 hours (see 
Fig. 2) "5 

Po^^^ decays very rapidly (T^^ 0 . 16 sec) 
Pb2i2^ Pb2i2 has a half-life of 10.6 
hours. Although there are three more 
radioactive dauahters before the end of 
the series (Pb^^®) is reached, these sub- 
sequent isotopes have half-lives much 
shorter than Pb2i2^ r^j^g decay of Pb2i2 
is therefore tne process that determines 
the activity of the sample. For a dis- 
cussion of the activity of a sample con- 
taining several members of a decay series 
see, for instance Kaplan: Nuclear 
Physics , Addis on-Wes ley Publishm^i Co., 
1962. 

The student's sketch of isotope con- 
centration vs. time should look something 
like this: 



/o - 
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Since Tj^ for Pb-^^ is about 10 hours and 
is about one hour for Bi^^^, 



XPb 
>Bi 



1^ 
10 



You could make a model of this decay 
scheme using the multi-faced dice, as in 
the variation of part A of Experiment 46. 
Start with 20-sided dice with one face 
marked (X = i^) to represent the Pb^^^^^ 

Replace each "decayed" atom by an eight- 
faced die with four faces marked {>, = S5) 
to represent the Bi-'^^^ ^^^^ formed. Re- 
place "decayed Bi2i2 atoms" by balls to 
represent the stable Pb^^^ atoms. (Make 
sure you use an ink ti.at can be removed I 
You will need to have less faces marked 
for other experiments and in future years.) 

Answer to Q2 

From Figure 2 : 

Initial count: 2959 in 10 min 

background = 12 per min 

Net count rate = 296-12 - 284/inin 

Not all disintegrations are detected by 
the counter. Assume that for our geome- 
try about one-quarter are. Then 

(ff) ^ 1000/min 



^5 
. \ 



^At^ 



T, = 



10.5 hours (from graph) 



_ 0.693 



= XN 



0.693 . -1 

mm 



. • . N = i r^} 



10.5 X 60 
1.10 X 10"^ min"^ 



atoms 



1.10 ^ 10" 

10 ^ atoms 



X 1000 atoms 



. * . mass of Pb^ ^ 2 _ 212 x 1,7 x io"2 ^ ^ kg 
= 3.60 ^ 10" kg 
= 3.6 ^10"^® microgrcims 

Answer to discussion 

For the a particle, 

KE = mv^ = 6.8 MeV 



1 eV - 1.6 ^ lO-^^ioalef. 
,h mv^= 6.8 X 10^ X 1,6 10 



joules 



^ l.l X 10 



-12 



joules 



V- 



2 X 1,1 X 10-12 

m 



(m/sec) 



m = 4 X X 10-27 }tg 

= 6.8 X 10-27 j^^ 
-12 



2 X 1.1 X 10" 



(m/sec) 



6.8 ^ 10'*27 

v2 = 3.2 X loi'* (m/sec) 2 

V = 1.8 X 10^ m/sec 

(This is considerably lees than 3 x 10^ m/ 
sec, so we ^ere justified in using the non- 
relativistic expression S5 mv2 for kinetic 
energy. ) 

Momentum is conserved at the collision: 



(MV) 



Po atom 
(MV) 2 



= (mv) 



a particle 



R (MV)2 



(mv) 2 



M ^^^^ 



. • . MV2 
h MV2 

' . KE of polonium atom 



^ (J5mv2) 



^ (KE of a particle) 



6 . 8 MeV 



" 216 
=0.12 MeV 

which is very much more than the ioniza- 
tion energy. 

A note on safety 

For general remarks on radiation safety 
see the article on page 76 of this Teacher 
Guide. The fact that we are dealing with 
a radioactive gas in tiiis experiment may 
seem to cause an additional safety hazard. 
A simple calculation shows that there is 
nothing to worry about. 

The amount of radon present is deter- 
mined by two factors: its rate of forma- 
tion and its rate of decay. 

The rate of decay is about 10^3 greater 
than the rate of formation from thorium 
(10^0 years: 1 min), so the radon never 
builds up a high concentration. 
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The rate of formation is governed by 
the decay of the parent, thorium 232: 

AN 

It = 

For thorium 232 

^ " ^1^^' ' ^^^^ ^^^^^ " ^'^^ ' -^^'^^ ^^^"^ 
In a fifty-gram sample there are 

50 ^ IQ -^ 
N - atoms 



232 ^ 1.7 X 10-27 
AN 

= 1.58 ^ 10-^s X 1.25 X 1023 atoms/sec 

= 2 5< 10^ atoms per sec 

One microcurie is 3.7 ^ 10^ disintegra- 
tions per sec, so the activity here is 
about 5 microcuries. The decay rate of 
Rn^^^ is given by 

AN 

TV = XN 
At 

and X = 3X3- sec"^ = 1.34 x 10'^ sec"^ 

AN ^^-2 -1 

' At ^ .34 X 10 N sec ^ 

The equilibrium concentration of radon, 
N, is found by setting the rate of forma- 
tion equal to the rate of decay, i.e. 

2 X 10^ = 1,34 X 10-^ N 

N = 1.5 ^ 10 atoms. 
Mass of radon 

= 220 X 1.7 X 10-27 xl.5 xlO^ kg 

= 5.5 X 10~^8 

= 5.5 X 10 ^ micrograms. 
Disposal of waste 

At the end of the experiment the ac- 
tivity of the sample will be insignifi- 
can*-, and it can be safely discarded with 
the trash. 

E48: Radioactive Tracers 

Little can be said about this experi- 
ment, as student responses to suc.i a 
"blank check" experiment will be varied. 
You should act as rssource person, giving 
sugjestions as to where to find ideas, 
helping to order isotopes, and seeing 
that safety precautions are strictly main- 
tained. 



As a teacher, you may confront the 
situation of a student planning an exper- 
iment you know will not give a positive 
result. While negative results are very 
important in the advancement of science, 
they may overly discourage a poor stu- 
dent. A confident student, however, 
might be left alone to pursue such an 
experiment . 

Emphasize to st* .dents the possibility 
of doing a variation of an experiment 
they read about, beginning with a hypo- 
thesis they wish to test, rather than 
simply repeating an experiment already 
done . 

Students should be encouraged to per- 
use any literature they can find for pos- 
sible ideas. The Physics Teacher , The 
Biology Teacher , Senior Science ^ Journal 
of Chemical Education , Scientific American 
(e^g. May 1960) occasionally have tracer 
experiments. A number of useful sources 
are listed at the end of the student in- 
structions, and others of interest to 
teachers are listed below. Whether or 
not any of the listed sources are avail- 
able, one can fall back on John H. Wood- 
burn's article, Low-Level Radioisotope 
Techniques, printed elsewhere m this 
guide. 

To do the simple autoradiograph ex- 
periment a radioactive source is needed. 
One simple possibility is a lump of uran- 
ium ore from a mineral supply company 
such as The Foote Mineral Company, 18 
W. Chelton Avenue, Philadelphia 44, Pa.; 
OR Wards Natural Science Establishment, 
Rochester, New York. 

Once an experiment has been chosen, 
you should discuss what safety precautions 
will be necessary. Refer to a summary of 
these elsewhere in the Teacher Guide. 

Finally, you will need to order the 
isotopes students will need, as suppliers 
will not usually ship to minors. Choose 
the nearest supplier from the supplier's 
list, and write well in advance m order 
to check on his shipping procedures. 
Then when the experiment is ready, the 
order can be placed at the advance inter- 
val specified by the supplier. For ex- 
ample, many suppliers ship on Fridays to 
be received the following Mondays at the 
specified strength . 

In addition to the articles Jisted Jn 
the Student Handbook, tha following books 
and articles may be of use to teachers. 

"Nuclear Science Teaching Aids and Acti- 
vities," J. Woodburn and E. Obourn. U.S. 
Office of Education. Available at no 
cost from Superintendent of Documents, 
Government Printing Office, Washington, 
D.C. 20402. 
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"Radioisotope Experiments for the Chem- 
istry Curriculum," Teacher's manual. $1.00 
See corresponding title m student refer- 
ences . 

Radioactive Tracer Research , 14. D. Kamen, 
Holt, Rmehart, and Winston, Inc., 383 
Madison Avenue, New York, N.Y. 10017. 
$1.60 paperback. 

Isotopes in Action , D . Harper . Pergamon 
Press, Inc., 44-01 21 Street, Long Island 
City, N.Y. 11101. $2,95 

"Power from Radioisotopes," "Radioisotopes 
m Industry," "Radioisotopes and Life 
Processes," and "Radioisotopes in Medi- 
cine," a series of pamphlets for the gen- 
eral reader available at no cost from the 
U.S. Atomic Energy Commission, P.O. Box 62, 
Oak Ridge, Tennessee 37830. 

"Tracers," M.D, Kamen, Scientific Ameri - 
can , February 1949; and "Radioactivity 
and Time," P.M, Hurley, Scientific Ameri - 
can , August 1949. Reprints of these two 
articles at 20 cents each available from 
W.H. Freeman and Company, 660 Market 
Street, San Francisco, California 94104. 

Note also the article "Low Level Radio- 
isotope Techniques," by John Woodburn, 
and the numerous references to articles 
on radiation safety reprinted elsewhere 
in this Teacher Guide. 
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NOTE: Pages 71-73 refer to equipment produced 
for 1967-68. Appropriate new equipment notes 
W3ll be provided with new equipment by DAMON. 



Equipment Notes 
Sealer/Counter 



Sealer/Counter 

The Sealer/Counter (DEC- 100), is one of 
the series of compatible electronic units 
produced for Project Physics. It can be 
used: 

a) as an event counter — e.g. in 
conjunction with a Geiger tube. 

b) as an interval timer — using an 
internal 120 cycle (line fre- 
quency) source. 

It is used with the Amplifier (Power- 
Supply unit APS-lOO) which both amplifies 
the signal to be counted and supplies 
power to operate the counter. The DEC- 
100 can operate at up to 2 ^ 10^ per 
second. The highest count rate you are 
likely to en<^ounter in Project Physics 
work (in the Thalliuin-20 8 experiment) is 
less than 6000 per minute. 

Each signal pulse (from Geiger tube) 
or cycle of 120 signal causes the count 
shown on the scaler to change by one. 

Controls 

V 100 Output 

When both decades are full (count of 
99) the best input signal returns the 
count to zero. At this time a 1-2 volt 
pulse is produced at the ^ lOO output. 
A loudspeaker, or voltmeter, or oscillo- 
scope connected between this output and 
ground can be used to detect the pulse. 
This pulse is actually a square pulse 
that goes positive when the count reaches 
80 and back to zero at 100. A double 
blip will therefore be heard in the loud- 
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80 100 

speaker at low count rates. These blips 
are not very loud and need to be listened 
for quite carefully. 

Students can record manually these 
V 100 pulses at up to about one per sec- 
ond, corresponding to a count rate of 
obout 100 per second (6000 per minute). 

None of these output devices are ac- 
tually essential. Students can simply 
wa tch the numbers changing and record 
a count of one hundred every time the 
count goes from 99 to zero. 

If you need to count at more thaui 
6000 per minute you could - 

a) feed ^ 100 pulse into a second 
decade scaler, 

b) use the r lOO pulse with a relay 
to operate a mechanical register. 



450 V DC Output Jack 

The 450 volt dc output (for Geiger 
tube) has a lOK ohm series resistor 
limit the current temporarily if 
supply is shorted, but the supply 
not be shortedindef initely . 

Reset Button 

This returns the count to zero. Coun- 
ter does not operate properly unless this 
is pressed when the unit is first turned 
on, or a new input is applied. 

H old Mov e Switch 

When set to GATE the counter stops 
counting while the MANUAL HOLD button is 
held depressed. 

If the HOLD MODE is set to Pr..SE the 
counter starts when tihe M."\NUAL HOLD button 
is depressed and released and stops when 
the button is depressed and released again. 

Electronic Hold Jack 

Allows external (automatic) switching. 
Shorting the ELSCTRONTC HOLD jack to ground 
is equivalent to depressing the MANUAL HOLD 
button and can be used in either "gate" 
or "pulse" mode. A mechanical switch 
could be used. A useful alternative is a 
photoconductor (conducts better when illum- 
inated than when dark) . For details and 
applications see "Timing Intervals" below. 

Count Input Switch 

Set to the "120 H^" position for inter- 
val timing. The count changes by one unit 
every 1/120 sec = 0.0083 sec. 

Set to the APS-lOO output position to 
count pulses from Geiger tube or other 
source. See "Operation," below for 
details . 

Operation 

Plug Sealer/Timer unit (DEC- 100) into 
Amplifier/Power-supply (APS-lOO) . Turn 
on APS-lOO. 

a) Geiger tube . Connect the Geiger 
tube between the 450 V dc output 
on the scaler and the amplifier 
input. 

Set COUNT INPUT to the APS-OUTPUT 
position. 

Set HOLD MODE to GATE. 

Set DC OFFSET control to -1 volt. 

Press RESET button. 

With a source near the Geiger counter 
turn up the GAIN control of APS-lOO until 
the counter begins to operate. A setting 
of 10-20 should be adequate. Too high a 
setting mry cause suprious counts due to 
pickup. Check Uiis by observing count 
rate with no source near counter. The 
count rate should be about 10-20 per minute, 
except in regions where the background 
count is exceptionally high. 
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When using the scaler to count pulses 
from a Geiger tube it is probably most 
convenient to work with the HOLD MODE 
switch at PULSE. Press and release the 
MANUAL HOLD button to start the count; 
press and release again to stop. Record 
the count, press and release the RESET 
button. Press and release MANUAL HOLD 
button to start the next count, and s 
on. 

The various ways of coping the : 100 
output are discussed above. 

For more Informatj .1 on the Geiger 
tube itself see the Equipment Note: 
Geiger Tube. 

b) Interval Timer , with the 

scaler plugged mtc me Ampli- 
fier/Power-supply , no input to 
the amplifier (the Geiger tube 
disconnected) , and the ampli- 
fier/power-supply turned on - 

a) Set COUNT INPUT to "120 H " . 

b) Set HOLD MODE to GATE. ^ 

c) Press and release RESET button.. 

The counter will now be counting at 
120 counts/sec. Each count represents 
1/120 = 0.0083 s*^c. and a one volt pulse 
will appear at the : 100 output every 
0.83 sec. 

The counter will stop when the MANUAL 
HOLD button is depressed, start again 
when it is released. The RESET can be 
operated while HOLD is held down. 

d) If the HOLD MODE is set to 
PULSE, the counter will start 
when the MANUAL HOLD is pressed 
and released and go on counting 
until it is' pressed and released 
again. Operate RESET between 
counts . 

An external mechanical or photo-con- 
ductive switch can be used {see "ELEC- 
TRONIC HOLD" above). This is particularly 
useful for short time intervals. 

For example: Connect a photo-conductive 
cell between the -6V DC terminal on the 
APS-lOO and ELECTRONIC HOLD on DEC-100. 

Set HOLD MODE to GATE.^ Illuminate the 
cell so that the counter does not operate 
when light falls on the cell, does oper- 
ate when the light beam is interrupted. 
With the HOLD MODE set to gate the coun- 
ter will record the time for which the 
beam is interrupted: e.g. the time it 
takes a falling object to pass in front 
of the cell {from this and the object's 
size you can calculate velocity) ; OR - 
set up two photocells and illuminate by 
a light beam and connect the two in 
parallel between -6V and ELECTRONIC HOLD. 
Set the HOLD MODE switch to PULSE. The 
counter will now start when the first 
light beam is interrupted and stop when 
the second beam is cut off. 



S^^ilar automatic mechanical arran<-u 
ments coula be set up — e.g. two ^ires 
that are connected when a metal ball 
falls between them., 

c) External Oscillator . Instead 
of the internal 120 cycle~~6scillator . 
Connect: the oscillator to the j nput 
terminal of the amplifier, set COUNT 
INPUT to APS-IOO-OUTPUT, DC OFFSET to 
-1 volt and gam to about 20 (as for 
Geiger tube — above) . 

Press reset button. The counter 
will record all the pulses applied to 
the amplifier in»^ut.. 



Geiger Tube 

The Geiger Tube is an Amperex 18504 
end window (3 mg/cm^) halogen quenched 
tube. The thin end window is made of 
mica:' it is most fragile and must no t 
be touched .. When the tube is not in"" 
use, protect it with the plastic cap 
provided. When using the tube in 
Experiment 46 {half-life of Thallium) 
wrap a single layer of plastic {saran 
wrap) around it to prevent permanent 
contamination of the tube. 



Cadmium Selenide Photocell 

This photocell is to be used m 
conjunction with the new SCALER/ 
TIMER unit to measure short time 
intervals and hence velocities — 
in Unit 1 of the course. 

The photocell is a cadmium selenide 
photo conductive cell. Its dark resist- 
ance is at least 50 Megohms, in normal 
room lighting -1 megohms and in ^^tronger 
illumination e.g.,, in flashlight beam 
or in the beam produced by the light 
source of the Millikan apparatus, its 
resistance falls to -1000 oh:ns. 
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OBJECTS DATED BY RADIOCARBON 




Linen wrapping from the Dead Sea Scroll containing the Book of 
Isaiah 1^U7 * 200 year:> old. 





Rope sandal found m an eastern Oregon cave. One of a Pair oj 300 
pairs jound m th'i> cave. 9035 ± 325 years old. 

BASIC MEASUREMENT METHODS 



Hair of an Egyptian woman. 
5020 i 290 years old. 



Method 
Carbon- 14 



Potassium- 
argon 



Rubidi urn- 
strontium 



Material 



Time Dated 



Uranium- 
lead 

Uraniuirk-2 38 
fission 




Wood, peat, When plant died 

charcoal 
Bone, shell Slightly before 
animal died 



Mica, some 

whole 

rocks 
Hornblende 
Sanidine 



Mica 



Potash 
feldspar 

Whole rock 



Zircon 



Many 



When rock last 
cooled to about 

aoo^'c 

When rock last 
cooled to about 
500**C 

When rock last 
cooled to about 
• SOO^'C 

When rock last 
cooled to about 
SOO^'C 

Time of separa- 
tion of the 
rock as a 
closed unit 

When crystals 
formed 

When rock last 
cooled 



Useful Time 
Span (years) 

1000-50,000 

2000-35,000 

100,000 and up 



10,000,000 and 
up 

5,000,000 and 
up 

50,000,000 and 
up 

100,000,000 and 
up 



200,000,000 and 
up 

100 — 

1,000,000,000 
(Depending 
on material) 




Pregiacial wood found m Ohio. More than 20^0 years old 



Peruvian rope. 2632 ± 200 yearn old. 
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Radiation Safety 

(Based on material supplied by Oak 
Ridg< Associated Universities) 

Many schools, including those adopt- 
ing Harvard Project pnysics, are incor- 
porating some form of radioisctope work 
into their science curriculum- As a 
result of this, questions concerning 
the potential hazards and control of 
radiatiOL are bound to be raised by 
teachers, students and parents. It is 
the purpose of this article to deal as 
briefly as possible with such questions 
and to provide the information that will 
be necessary for the safe introduction 
of radioisotopes into the high school 
course . 



mf:asuiu:mi:nt of radioactivity 

The basis of all measurements of 
radioactivity is the creation of an 
lon-pair by radiation. 

The most common units used for mea- 
suring radioactivity and radiation ex- 
posure are the curie ,, the roentgen , 
the rad, and the rem . Each unit indi- 
cates a different quantity which is of 
interest to tl-j scientist. 

CURIE (Ci) - A unit used to measure the 
rate at which radioactive material, 
or a combination of radioactive 
materials, is giving off nuclear 
particles. One curie = 37,000,000,000 
disintegrations per second (dps) . 
Since It IS the number of disinte- 
grations per second which determines 
the amount of radiation emitted, the 
activity of the source is a signifi- 
cant factor. However, the type and 
energy of the radiation are also 
important in 3^'aluating the potential 
hazard, and the carie does not mea- 
sure this. The c.rie is not a mea- 
sure of exposure zo radiation damage. 

The curie is a very large amount 
of radioactivity. Historically, the 
unit was chosen because it was 
approximately the amount of radia- 
tion emitted by 1 gram of pure 
radium. More practical units for 
laboratory use are the millicurie 
(mCi) or 10"3 curies, and the micro- 
curie (pCi), or 10-6 curies.^ 

ROENTGEN (R) - The roentgen is a unit 
of exposure dose, it measures the 
ionization in air produced by a 
source of gamma or x rays. One 



roentgen produces 2.58 > 10"" co' 
loinbs of charge (about 1.6 ^ 10^ 
^'jn pairs) per kilogram of dry air. 
This unit IS not applicable to such 
particle radiations as alphas, betas 
and neutrons. Radiation survey in- 
struments are usually calibrated m 
R/hr or mR/hr. 

RAD - The rad is the unit of absorbed 
dose. It amounts to 100 ergs (10~-' 
Doules) of energy imparted to a 
gram of irradiated material, by any 
ionizing radiation. 

REM - The rem was devioed to make allow- 
ance for the fact that the same dose 
m rads delivered by different kinds 
of radiation does not necessarily 
produce the same degree of biological 
effect;, some radiations are biologi- 
cally more effective than others. 
The rem may be thought of as an 
abbreviation for radiation effect , 
man. Since various radiations such 
as alpha , beta , gamma rays and 
neutrons have different biological 
effects per RAD of absorbed energy, 
they are assigned values depending 
on the biological effect being con- 
sidered. For a given biological 
effect, the number of REMS = RADS ^ 
RBE. 



The relationships among the units of 
radiation exposure as they apply to the 
radiation of water and soft tissue are 
summarized m the following table (1): 



Type of Radiation 


R 


rad 


renis (or 
QF) 


X-rays and Gamma-rays 


1 


1 


1 


Beta particles 




1 


1 


Fast neutrons 




1 


10 


Thermal neutrons 




1 




Alpha particles 




1 


10 


Table 1: Relationships 


among 


radiatl 


on units 



Since the human body is about two- 
thirds water, this table provides a 
means for making a rough estimate of 
the biological effect of simultaneous 
or consecutive absorption of different 
kinds of radiation. 



r 
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RADIATION PROTECTION GUIDELINES: 

Nuclear radiations are a natural 
part of man's environment, just as are 
the sunlight and the earth's magnetic 
field. Man has always lived m an en- 
vironment that includes a great deal of 
natural radiations. In addition, we 
have created new sources of radiation 
as we have explored nature and hunted 
for ways to improve our control and 
use of nature. Natural radiation comes 
from both the earth and the sky. Such 
radioactive mirieralo as uranium and 
thorium, and decay products associated 
with them, exist everyv;here in the 
eartn. The places where they are mined 
are simply the locations of extremely 
large concentrations of these minerals. 
The radioactive gas radon is present 
in small amounts in the air we breathe. 
Cosmic radiation. — particles of very 
high energy — which strike the ^-^arth's 
atmosphere from outerspace, contributes 
both directly and indirectly to the 
amount of radiation to which we are 
exposed. Cosmic rays contribute direct- 
ly by striking our bodies, ionizing body 
materials, which causes radiation 
damage. They contribute indirectly by 
creating radioactive carbon-14 when 
cosmic neutrons strike atmospheric 
nitrogen. C^^ is then quickly converted 
into C^'*0?. The C^^Oo is utilized by 
plants m photosynthesis and the plants 
are eaten by animals. The radio,^,cti ve 
carbon eventually finds its way into our 
bodies through cur food. In fact, the 
disintegration of C^^ causes the libera- 
tion of about 200,000 beta particles per 
minute in the average adult. k'*^ which 
IS also in our bodies, liberates approx- 
imately 240,000 beta particles per min- 
ute m the average adult. Other radio- 
active materials in our bodies include 
radiuni-226 , strontium-90 , cesium-137 and 
iodine-131 

It IS true that all radiation is 
harmful, but it is also true that human 
beings can be, and in fact are contin- 
uously exposed to radiation at low in- 
tensity without any apparent harmful 
effects. Body tissue is both damaged 
and destroyed whenever one cuts himself, 
bruises himself, or breaks a bone. Buz 
just as the body is able to adjust to 
this type of an injury and mend the dam- 
age, so it is able to adjust to and coun- 
teract the harmful effects of small doses 
of radiation. Similarly, large doses of 
radiation can cause severe injury and 
even death just as many other types of 
injuries can. 



Sources of rr,an-m^de radiation which 
contribute to our total expr^sure to 
radiation include x rays, radioactive 
fallout, luminous watch dials, tele- 
vision tubes, radioactive industrial 
wastes, etc. 

It IS estimated that the average 
annual exposure in the United States 
amounts to 267 millirems. Natural 
sources (cosmic radiation, minerals, 
etc.) contribute 101 milli-rems and man- 
made sources, mostly from medical x rays, 
make up the remaining 166 millirems. 
Radioactive fallout accounts for 4 
millirems.- 

One of the questions health phvsicists 
are called upon to answer is what are 
the safe and maximum permissible radia- 
tion exposures that ore can receive. 
To answer a question of this type, it 
must be understood that the effects 
radiation exposure depend on several 
factors. These include: 

1. The amount and rate of radiation 
exposure 

2. The kind of radiation — whether it 
IS penetrating radiation such as gamma 
rays and x rays, or relatively nonpene- 
'rating such as alpha particles. 

3. The tissue exposed, which depends 
m turn on the source of the exposure — 
whether the radiation came from outside 
the body or from radioactivity inside 
the body. 

4. The kind of radioactive mater3.il 
involved, its radioactive and chem\::al 
nature, and its biological path if taken 
into the body (2) . 

Balancing the risks involved m radia- 
tion exposure against the benefits to 
be gained from increased knowledge, the 
National Committee (now Council) on 
Radiation Protection and Measurements 
(NCRP) and the International Commission 
on Radiological Protection have set 
limits on what is considered an acc^ept- 
able exposure for persons occupational ly 
exposed to radiation. These limits are 
iv addition to background and mt'dical 
and dental exposures. The primary goal 
is to keep radiation exposure of the in- 
dividual well below a level at which ad- 
verse effects are likely to be observed 
during his lifetime. Another objective 
IS to minimize the incidence of genetic 
effects . 

Figure 1 shows the recommended limits 
of exposure on a chart which relates ex- 
posure to biological effects. 
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OThr llr^t dfiihs will . 
tr - r iJl4ilon si, ^ntss 



each experiner.t be so planned that ;.c 
individual receive r.ore than 0.01 re- 
while carrying it out. 

It should be emphasized that there 
IS no difficulty m perforrang radiation 
experiments and demonstrations m con- 
formity with the above recommendations, 
if appropriate safeguards are taken. 
These appropriate safeguards are dis- 
cussed in the following sections. 

2. Persons under 18 years of aqe 
shall not be occupationally exposed to 
radiation. (They shall not be employed 
or trained in an x ray department, 
radioisotope laboratory, or industrial 
radiation facility.) 



EXTERNAL HAZARD CONTROL 



■0 



S O. OOP ^ A Hr>t IdrnillubU Uf.ns ,t 
V rj'H'ti'D fffcctt. ijpfir 

^,0()o *ui ,t<-i 

0 - f'" guide sfi f,>r uorkcTi In 

I It ' lie cn€-rft> jctivilirs 

Ktc.'ifni-ndf d innu.4} cxt'<)»urc ) 

t>MUic set rrncril publli)^on -iliirrn* 

jt jnv JfiC ) 



Note that t 
for workers m 
is one tenth o 
first identifi 
effects occur, 
for the adult 
about twice th 
d-e to natural 
IS one-hundred 
the first iden 



he exposure guide set up 

atomic energy activities 
f the level at which the 
able signs of radiation 

The exposure guide set 
general public is ^ust 
e average background level 
and man-made sources. It 
th of the level at which 
tifiable signs appear. 



By ad* ^ring to the guiaelmes that 
have b» set, industries engaged m 
atomic c .ergy activities iu the United 
States have insured that the rir.k of 
damage to exposed persons is not greater 
than the risks normally accepted in 
other present-day industries. In fact, 
the safety record of these industries 
is the besjt in the nation. 

The following additional limits apply 
to the high school situation (3): 

1. Students under 18 years of age who 
are exposed to radiation during educa- 
tional activities should not receive 
whole body exposures exceeding 0.1 rem 
per year. To provide an additional fac- 
tor of safety, it is recommended that 



1- Quantity and Type of Radiation 
Source ; 

Because each radioisotope has its own 
characteristic mode of decay, equal 
activities (curies) of different radio- 
isotopes may provide different exposure • 
rates (roentgens) . Radiation safety is 
concerned with limiting exposures, sr 
control deals with limiting the amount 
of isotope used to the minimum necessary 
to achieve the desired results and the 
careful selection of isotopes according 
to the exposure rate they produce. 

2 . Distance : 

The easiest means of controlling radia- 
tion exposure is to use the fact that 
radiation intensity follows an inverse 
square law. 

3. Length of Exposure : 

The total exposure that a person re- 
ceives is the product of the exposure 
rate and the length (time) cf exposure: 

1 ^ T = total exposure 
where: i = exposure rate, R/hr 
T =■ length of exposure. 

Radiation safety requires that the 
product of length of exposure and ex- 
posure rate not exceed the recommended 
limits. Figure 2 shows this relation- 
ship. For high exposure rates, only 
very short exposure periods are allowed, 
though very long exposure periods are 
permitted at '/ery low exposure rates. 
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EXTERNAL RADlnTlOS 



100 



EXrOSl'RE PER EXPfvBIMENT 
FXCEEDEP 




10 



a 



/hr 

Fig.- The recommended maximum exposure is 
10 mR per experiment for students under 18 years 
of age. A three-lioui exposure at 3 mR/hr doos 
not exceed the recommended level. 



4 . Shielding : 

Tor sources of radiation either very 
large m quantity or in size, it is not 
rlways possible to achieve the degree 
of radiation safety required by using 
the first three factors alone. The use 
of some type of shielamg is required. 
The type of shielding used depends on 
the type of radiation to be absorb'^'!. 



The rate 
lose energy 
lin^eter of 
will stop t 
alpha parti 
ered an ext 
their penet 
fraction of 
they expend 
icornif ied) 
the body. 



at which alpha pa 
is so great that 
any r»olid or liqai 
he alpha particle, 
cles are not usut^l 
ernai radiation ha 
ration in tissue i 
a millimeter. As 
all their energy 
layer of skin whi 



rticles 
evc.i a mil- 
d material 

Hence, 
ly consid- 
zard because 
s only a 

a result, 
m the dead 
ch covers 



Beta particles (having less mass and 
charge and a much greater velocity than 
alpha particles) are more penetrating 
but also have a limited range. The fol- 
lowing figure shows the range of beta 
particles of various energies in dif- 
ferent materials (Fig. 3) . 

Note th^t while the range of betas in 
air may be as much as a meter, the range 
in a material such as glass is a fraction 
of ^ millimeter. Beta and alpha par- 
ticles are, therefore, easily protected 
against, with relatively thin shields. 



o 

Ui 

o 

1 



AIR 



WATE^. 



PUSTIC (UICITE^;: 
GUSS- 
ALUMINUMj 




.4 .6 .o 1.0 2 A 
ENERGY, MeV 

Fig. 3 Range of beta particles as a fu.:ction 
of energy. 

The absorp*-ion of gaiitia rays by mat- 
ter, like the absorption of light, fol- 
lows a negative exponential law: 



So In j- 
o 



where : 



-ux or loo i- = -0.4 34ux. 



= exposure rate at a gjven 
point with no shielding 
I = exposure rate at tne same 
point but with a shield 
of thickness x between 
source and point where 
intensity is measured 
X = thxckness of shield 
= linear attenuation co- 
efficient. 

The rcsldtionship between I and x is 
not linear, but ui e of the equation will 
enable one to determine the thickness of 
lead required to reduce the intensity to 
the desired level. 

Theoretical.ly it is not possible to 
attenuate ganuna radiation - oir4>le teiy , but 
the exposure rate can be reduced by any 
desired factor., A useful concept regard- 
ing ganima attenuation is the half-value 
layer (HVL) or rhe half thickness 
which is defined as the thickness of any 
particular material necessary to reduce 



ERLC 



79 



Articles 

Radiation Safety 



the intensity of a beam of x-rays or 
gamma-rays to one-half its initial value. 
Similarly the tenth-value layer (TVL) or 
the tC'iith thickness Xi/13 is defined as 
the thickness of any particular material 
necessary to reduce the intensity of a 
beam of x-rays or gamma-rays to one-tenth 
its initial value. !Ience, three tenth- 
value layers will reduce the dose received 
from a gamma source to 1/1000 of the ini- 
tial amount (1/10 ^ 1/10 x l/lO) . 



Approximate Half- and Tenth-Value 
for Gama-rays 



Lavers 



Material 

Gamma 

erergy 

(MeV) 

0.20 

0.50 

1.0 

1.5 

2.0 

2.5 

3.0 

4.0 

5.0 



We can see from this *:able why lead is so often 
shield for radioisotopes. 



Wa 


ter 


Aluminum 


Iron 


Lead 


HVL 


TVL 


HVL 


TVL 


HVL 


TVL 


HVL 


TVL 


^1/2 
(cm. ) 


^1/10 


^1/2 


'1/10 


'"^1/2 


^1/10 


^1/2 


^I/IO 


(cm. ) 


(cm. ) 


(cm. ) 


(cm. ) 


(rm.) 


(cm. ) 


(cm.) 


5.2 


17.3 


1.9 


6.3 


0.66 


2.20 


0.14 


0.47 


7.2 


24.0 


3.0 


10.0 


1.11 


3.70 


0.43 


1.43 


9.8 


32.6 


4.1 


13.7 


1.56 


5.20 


0.88 


2.93 


12.2 


40.6 


S.l 


17.0 


1.74 


5.80 


1.17 


3.90 


14.0 


46.6 


5.9 


19. 7 


2.05 


6.83 


1.37 


4.57 


15.8 


52.6 


6.7 


22.3 


2.22 


7.40 


1.47 


4.90 


17.4 


58 0 


7.2 


24.0 


2.31 


7.70 


1.51 


5.03 


20.0 


66. 7 


8. 4 


28.0 


2.55 


ft. 50 


1.48 


4.93 


22.1 


73.7 


9.4 


31.3 


2.88 


9.60 


1.42 


4.73 



iN'rER^^^L RADI.^^TION hAZARD 

Any radioactive substance enterim 
the DOdy is hazardous. Commonsense 
rules cap. prevent radioisotopes from be- 
ing ingested. They are: 

a) .Never place any naterials useu m 
the laboratory m the mouth. Pioettmc, 
glass blowing, etc.v should bs done usiz'.g 
indirect methods. (Various inexpensive 
types of pipettors are available' on the 
market. ) 

b) Never nandle radioactive materials 
directly. Always use rubber or plastic 
gloves, tweezers or some means of in- 
direct contact. 

c) Do not eat, smoke or apply cos- 
metics in areas where radioisctooes are 
handled. 

d) Never place your hands near your 
face or mouth while working with radio- 
isotopes. 

e) When working with liquid sources 
always -.over your workinc area with ab- 
sorbent material, prefer^iMy inside a 

used as a tray, to retain any spilled liquid. 

f) At the end of an experiment check 
all tools, glassware, etc,, with Geiger 
counter. Wash your hands carefully. 



Shield Material 


Garma 
0.1 MeV 


-Ray Energy 
0,5 MeV 1 


.0 MeV 


Water 


0.17 


0.097 


0.06 


Iron 


2.7 


0.66 


0.55 


Lead 


62 


1.7 


0.79 



Linear attenuation coefficients (cm"^) 



Fig. 4 shows the relationship of I to 
X for lead. Because of its high value 
of \i t lead is often used as a shielding 
material , 

OTECT OF SHIELD 




Fig. 4 



THICKNESS OF LEAD (ca) 



RADIO.N'UCLIDE SOURCES 

The most comironly used naturally occur- 
ring radioactive substances with suffi- 
cient activity to constitute a oossible 
hazard are radium, polonium, actinium, 
thorium, and uranium. Of these, radium 
and polonium are particularly significant 
since they are readily available and are 
frequently used in quantities sufficient 
to constitute a potentially serious ra- 
diation hazard. Also, uranium and thori- 
um salts can be purchased from chemical 
supply houses by the case and shioments 
generally are delivered without any ra- 
diation warning signs on the bottles. 
Airhough these salts are no real hazard 
in terms of external radiation, they 
could be a potential internal radiation 
hazard and should be treated as such. 

Note: Normal uranium and thorium, in 
soluble form, are more dangerous as 
chemical poisons mside the body than as 
sources of radiation, since relatively 
large quantities are required to cause 
severe radiological damage. 
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Artificially produced racioauclioes 
are produced either oy the fission of 
heavy elements in a nuclear reactor or 
by the bor.Lardrr.ent of non- radioactive 
isotopes m high-energy accelerators or 
nucloar reactors. Over a thousand radio- 
nucliies are '<nov;n, and of these, aoout 
one hundred are m conunon use. Sr?.all 
arounts of certain corunonly used nuclides 
are available vv'ithcut specific license, 
.-.cquisition of larger ar.oun;:s of nuclides 
requires a specific license from tne 
Atone Energy Conr.ission or State regu- 
iatorv agency, or frorr* botn . 



THE PP.OVISION FOR .^^•D THE USE OF "G-.NER- 
ALLY LICEN'SED" RADIOISOTOPES IN' THE HIGH 
SCHOOL CLASSROOM 

The quantity of radioisotopes used 
in the high school classroom is usually 
li.Tited to very sr-.all amounts that are" 
generally licensed by the Atoniic Energy 
Commission. partial listing of these 
(terned "generally licensed" by the AEC, 
"exempt" by srates, and "license free" 
by some suppliers) is given in the Sur- 
vey of Connercially .Available Radioactive 
Sources (p. 88). A teacher may purchase 
any of these radioisotopes without ful- 
filling any specific licensing require- 
m.ents provided that he or she does not 
at any one time posses or use more than 
a total of ten such quantities. Although 
generally licensed quantities may be pur- 
chased without the need of any specific 
license from the AEG, the user is not 
exempt from adhering to the regulations 
that are concerned with their use; hence, 
it is recomnended that teachers obtain 
copies of these regulations (6). 



"Generally licensed" quantities of 
naterials in solution cannot be added 
toaether to obtain a source of a higher 
activity. If higher activities are de- 
sired, proper authorization must be ob- 
tained for their acquisition. Hence, 
if a teacher wants a 30 -Ci source of 
P^^, he cannot buy three lOuCi liquid 
sources and pour them all together. 

The liir.itation of quantity by the 
Atomic Energy Commission practically 
assures the safety of the persons using 
or coming in contact with radioisotopes 
in the high school program. However, 
the fact that they are radioactive ma- 
terials and can constitute a safety 
hazard should always be kept m mind 
and the methods of controlling both ex- 
ternal and internal hazards should become 
a part of both the student's concern as 
well as the concern of the teacher. 



For any ganira-en^ittinc radionuclide 
tr.e sped f ic gamma ray constant is the 
exposure rate in roentgens per hour for 
a point source of 1 nillicurie at a dis- 
tance of 1 centimeter . Values of this 
constant are listed m Table 6 for cer- 
tain ganna emitters. If used as gamma 
sources, beta-gamma emitters can be en- 
closed m a sufficient thickness of 
glass, plastic, or metal to eliminate 
essentially the beta radiation (see 
Figure 3). As stated earlier, both beta 
and ganma radiations are capable of 
producing biological effects. 

A "generally-licensed" or "exempt" 
source, wren used for a short tine such 
as one or tv;o hours, represents a 
negligible external hazard. However, 
if it were to be kept close to the skin 
for many hours, injurious effects could 
possibly be produced. Radiation sources 
should, there'^ore, not be carried in 
pockets or c iled without proper tools. 
Adequate precautions should be taken to 
prevent radioactive materials, irrespec - 
tive of amount , from gaining entry to 
the body, e.g., through tne Tioutn, the 
nose, or the skin (3). 

Just about any laboratory exercise 
involving the use of radioisotopes to 
be done at t'^e high school level can be 
accomplished using "generally licensed" 
quantities of radioactive materials. A 
few exceptional cases may arise, but in 
the vast majority of cases, the "general- 
ly licensed" quantities will suffice. 
As a rule of thumb in choosing radio- 
isotopes to be used in a classroom ex- 
periment, choose the source of minimum 
strength (activity) required to perform 
the experiment. 

Records should be kept of all radio- 
active materials that have been and are 
being used in the classroom. The rec- 
ords should contain the name of the 
isotope, the activity, the specific gam- 
ma constant, if it is a gamma emitter, 
the half life, the date of shipment, 
the storage location, the names of per- 
sons using the isotope, and the date of 
disposal . 



CALCULATION OF RADIATION EXPOSURE 

In an experiment to study the ab- 
sorption of gamma rays by lead sheets, 
some high school students will be using 
a new 1 uCi Co^° plastic sealed disc 
source. Since 1 uCi is only one-tenth 
of the maximum amount of Co^ that may 
be purchased as a generally licensed 



Articles 

Radiation Safety 



quantity in the form of a sealed source, 
it may be considered safe for student 
use under ordinary conditions. However, 
if a teacher desires to determine what 
doese m rems a student will receive 
from this source if the student were 
sitting, on the average, about 20 cir 
from the source during the experiment 
which takes about 30 min. , he could 
proceed as follows: 



Dose (rem) = 



(Specific 

gamma ray x Present 
constant) 

activity of source 

^ time of exposure (hr) 



CAUTION 



RADIATION 
AREA 



For Co^^, 



(dist. in cm)^ 

1 rem 
roentgen ' 



Dose = 12.9 roentgen. cm^ ^ 
mCi-hr 



Fig. 5 The Standard Radiation Symbol 

Besides warning of the presence of 
radioactive material, the warning sign 
should also indicate the person respon- 
sible for the material and how he may 
be contacted. 



X 10-3 mCi ^ 

mCi ^ 



X y 1 rem 

(20 cm)^ roentgen 



1.6 X 10-5 



rem . 



This exposure is well below the 0.01 
rem/experiment maximum which was sug- 
gested earlier. 

Also, since 0.01 rem/experiment is 
the recommended maximum, no stude-*- 
should work m an :rea where a sux^ey 
instrument reads above 10 mR/hr. (Note: 
survey instruments are often available 
from local Civil Defense authorities.) 



RADIATION WARNING SIGNS 

All radiation sources should be 
identified by the standard radiation 
symbol. 



STORAGE OF RADIOACTIVE MATERIALS 

All radioactive materials should be 
stored in a plainly marked and properly 
shielded area. The area should be se- 
cured against the unauthorized removal 
of radioisotopes from the place of 
storage. All radioactive materials 
should be signed for on removal and 
checked back in on their return so that 
the whereabouts of the materials is al- 
ways known. The activity immediately 
outside the storage area should not be 
above background. 



WASTE DISPOSAL 

The following general rules apply: 

1. The Code of Federal Regulations, 
Title 10, Part 20 or comparable State 
Regulations should be consulted for de- 
tailed information on tlie proper dis- 
posal of quantities of liquid source 
materials which exceed the quantities 
that are termed generally licensed. 
(See also NCRP Report No. 30.) 
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2 . when work with generally licensed 
quantities of liquid sources has been 
completed, they may be disposed of m 
the sanitary sewer system, if flushed 
away with a considerable amount of extra 
water. 

3. The final disposal of solid radio- 
active waste may require the use of a 
licensed commercial disposal service. 

If there is doubt, a radiological physi- 
cist, a health physicist, or the local 
health agency should be consulted. 

4. Solid sources of short-lived iso- 
topes may be stored for decay to pos- 
sibly 1/10 of the permissible exempt 
value, and then disposed of, singly, in 
the ordinary trash (8) . 

5. Never throw long-lived solid radio- 
active wastes into the ordinary trash 
receptacles. You have no control over 
their final destination. 

Some question may arise as to the 
method of disposal of various uranium 
and thorium salts which have been placed 
in solution. The method is probably 
best illustrated by an example. 

Examples In the half life of Tl^OB 
experiment that is used in Harvard 
Project Physics, an acidic solution of 
thorium nitrate is prepared by dissolving 
5 grams of thorium nitrate in 10 ml of 
2 molar nitric acid. During the course 
of the experiment, the solution is fur- 
ther diluted with another 10 ml portion 
of 2 molar nitric acid. The end result 
is that for each lab group, the instruc- 
tor is faced with the problem of safely 
disposing of a solutio:. of 5 grams of 
thorium nitrate dissolved in 20 ml of 
liquid. How can safe disposal be ac- 
complished? 

Procedure: 

Thorium nitrate; Th(N03)4*H20 
F.W. = 552.146 

Grams of thorium in a 5 gram sample 
(232) 



of thorium nitrate 



552.146) 



=2.1 gm. 



Activity of the Th2 3 2 sample: 

Act. = (mass of Th^ 32) (gpecifir Activity 
of Th232) 

= (2.1 gm)(l.ll X 10-7-2L-) (106 gi) 
= 2.33 X lO-i pCi. 
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The radioactivity concentration guide 
permits a concentration Th^^^ m water 
<^5 X 10-5 pci/ml. 

(From Appendix B of Title 10, Ch. 1, 
Part 20 of the Code of Federal Regula- 
tions . ) 

Dilution factor: 

2.33 X 10"! yCi/5 X 10-5 iiCi ^ 

ml 

4.66 X 10^ ml = 5 liters . 

Therefore, each sample of 5 gm of 
thorium nitrate m 20 ml of liquid should 
be flushed down the sewer with about 
5 liters of water. 

Note: the specific activity of vari- 
ous isotopes can be found in the Radio- 
logical Health Handbook (9) . 



SUMMARY 

1. Some properties of alpha, beta 
and gamma radiations: 

Relative 
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Tissue 


Bone 


a +2 


2500 


few 


several 


few M 






inches 






6 -1 


100 


several 


few mm 


several 






ft 




M 


Y 0 


0 


indefin- 


indefin- 


inde- 






ite 


ite 


finite 



2. The ingestion of any type of radio- 
active material must be avoided at all 
costs. High specific activity alpha 
sources are the most dangerous. 

3. External radiation exposures can 
be minimized by controlling: 

a) quantity and type of radiation 
source, 

b) length of exposure^ 

c) distance, 

d) shielding. 
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IN VARIOUS MATERIALS 




Fig. 6 



4. Internal radiation exposures can 

be controlled by reducing the probability 
of isotopes entering the body by: 

a) inhalation, 

b) ingestion, 

c) injection, 

d) absorption through the skin. 

5. Experiments should be carefully 
planned and carried out to minimize 
both accidents and exposure time.- 

6. Our bodies have no built-m warn- 
ing system that tells us when we are in 
a high radiation area. Therefore radia- 
tion areas must be clearly marked, the 
strength of the source known and any 
hazards clearly understood by both 
teacher and student.: 

7. The Atomic Energy Commission places 
limits on the quantity of radioisotopes 
most teachers can possess or use at any 
one time.. Because of this limitation, 
injurious doses of radiation could be 
received by a high school student in a 
laboratory situation only as a result of 
gross carelessness, or through ignorance 
of the presence of radiation.: 

8. The guidelines for the use of 
radioisotopes in the high school class- 
room are set forth in NCRP Report No.: 
32. These guidelines were adhered to 
in this article. Reference should be 
made to this report if questions arise 
which this article does not answer. 



9. Radioactivity should be respected 
but not feared. Fear implies a lack of 
knov/ledge and understanding of the sub- 
ject. Good instruction on the part of 
the teacher will win respect for both 
himself and the subjects 
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Summary of the Properties of 
a, .i and y Radiations 

Radiation loses energy by interaction with matter in the ways summarized m Table 1. 

Whereas an a or 6 particle loses its energy gradually m a series of interactions with 

many different atoms, the absorption of a gamma-ray photon is a "one shot" affair. 

This IS why >-ray absorption follows a negative exponential law, but a and B absorption 
does not. 



Table 1: Some Properties of a, B and y Radiations. 



Charge 
(e) 


Rest 
Mass 
(amu) 


Relative 
Specific 
Ionization 
of Air 


Range 
in 
Air 


Method of 
Interacting 
With Matter 


Ef <:ective 
Shielding 
Materials 


Typical 
Energies 
(MeV) 


Typical 
Speeds 
(%c) 


a +2 


4 


2500 


few 
inches 


ioniz ing 
collisions 


paper, dead 
skin 


4-10 


4.7-7.3 


6 -1 


1 

1837 


100 


several 
ft. 


ioniz ing 
collisions 


luci te , 
glass , 
aluminum 


3.025-3.5 


25-99 


Y 0 


0 


1 


indef- 
inite 


1 .Photo- 
electric 
interact. 

2 .Compton 
scattering 

3. Pair Pro- 
duction 


lead , 
concrete 


0.04-3.2 


100 



The energies of a, 6 and y radiation may be classified as soft, medium, or hard: 



Table 2: Energy Classification 

Energy Classifications (Mev) 

Soft Medium Hard Spectra 

a The range of a energies is small Discrete 

6 <0.3 0.3 - 1.5 Mev 1.5 - 3.5 Continuous 

Y <0.5 0.5 - 1.0 Mev >1.0 Discrete 



NOTES : 



1. Most 6*s have energies in the vicinity of 1 Mev. 

2. Y-rays with energies <0.1 Mev are considered very soft. 

3. Radiations travel through matter until all their energy is lost through interactions 
with the atoms which compose the matter. These interactions are summarized in Table 



4. A rapidly accelerated or decelerated charged particle such as a B-particle will radiate 
X-rays (bremsstrahlung) . For this reason, aluminum is a better shield for betas than 
is lead because of less scattering and less bremsstrahlung production. 
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Alpha, Beta and Gamma Spectra 

The energy spectrum of a and y radiation from a given source shows distinct peaks 
Uacie J, A and C.) These peaks correspond to transitions between discrete nuclear 
energy levels (just as in the visible region spectral lines correspond to transitions 
between electronic energy levels). 

rn. ^"".^^^ ^f""^' energy spectrum of B particles is, typically, continuous. 

When the energy of 6 particles emitted by a given isotope is quoted (e.g.. Table of 
Pnpr°r%'" "^"'^'i'''\^f Chemistry and Physics), it is usually the end^pomt of maximum 
energy (E^^^, Table 3&) . The average energy of an emitted particle is about one third 

^max- shown that the difference in nuclear energy levels in an isotope 

undergoing B decay is equal to E^^^. To maintain the conservation of energy in cases 

where the 6 energy is less than E^^^, Pauli (1930) postulated the existence of a new 

particle, the neutrino, to carry off the extra energy. The existence of the neutrino 
was confirmed some 30 years later. 
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THE PROVISION FOR AND THE USE OF 
"GENERALLY LICENSED" RADIOISOTOPES 
IN THE HIGH SCHOOL CLASSROOM: 

The quantity of radioisotopes used m 
the high school classroom is usually lim- 
ited to very small amounts that are gen- 
erally licensed by the Atomic Energy 
Commission. These are available for 
purchase from quite a number of suppliers. 
The complete listing of these (termed 
"generally licensed" by the ARC, "exempt" 
by states, and "license free" by some 
suppliers) is indicated in Table 1. The 
complete listing is also given in Title 
10, Chapter 1, Part 31 of the Code of 
Federal Regulations (CFR) . A teacher 
may purchase any of these provided that 
he or she does not at any one time pos- 
sess or use more than a total of ten 
such quantities. Although generally li- 
censed quantities may be purchased with- 

Table 1.: GENERAL LICENSED QUANTITIES 

Byproduct maf^rial Column Column 

No. 1 NO. II 

Not as a As a 
sealed sealed 
source source 
(micro- (micro- 
curies) curies) 



Antimony (8b 124) 


1 


10 


Arsenic 76 (As 76)-- 


10 


10 


Arsenic 77 (As 77) — 


10 


10 


3arium 140 — Lantha- 






num 140 (Ba-La 140) 


1 


10 


Beryllium (Be 7) 


50 


50 


Cadmium 109 — Silver 






109 (CdAg 109) 


10 


10 


Calcium 45 (Ca 45) — 


10 


10 


Carbon 14 (C14) 


50 


50 


Cerium 144 — Praseo- 






dymium (CePr 144) — 


1 


10 


Cesium-Barium 137 






(CsBa 137) 


1 


10 


Chlorine 36 (CI 36)- 


1 


10 


Chromium 51 (Cr 51)- 


50 


50 


Cobalt 60 (Co 60) 


1 


10 


Copper 64 (Cu 64) 


50 


50 


Europium 154 






(Eu 154) 


1 


10 


Fluorine 18 


50 


50 


Galliu^Ti 72 (Ga 72) — 


10 


10 


Germanium 71 (Ge 71) 


50 


50 


Gold 19 8 (Au 19 8) 


10 


10 


Gold 199 (Au 19 9) 


10 


10 


Hydrogen 3 (Tritium) 






(H 3) 


250 


250 


Indium 114 (In 114)- 


1 


10 


lodine 131 (I 131) — 


10 


10 


Iridium 192 (Ir 192) 


10 


10 


Iron 55 (Fe 55) 


50 


50 


Iron 59 (Fe 59) 


1 


10 


Lanthanum 140 






(La 140) 


10 


10 


Manganese 52 (Mn 52) 


1 


10 


Manganese 56 (Mn 56) 


50 


50 



TABLE 1; (Con"inued) 

Byproduct material Column 
NO. 1 

Not as a 
sealed 
source 
(micro- 
curies) 



10 
1 
1 

10 

10 



50 
10 

0.1 
10 

10 

10 
10 
10 
10 



Molybdenum 99 

(MO 99) 

Nickel 59 (Ni 59) 

Nickel 63 (Ni 63) 

Niobium 95 (Nb 95) — 
Palladium 109 

(pd 109) 
Palladium 10 8 — 

Rhodium 10 8 (Pd-Rh 

103) 

Phosphorus 32 (P 32) 
Polonium 210 

(Po 210) 
Potassium 42 (K-42)- 
Praseodymium 

(Pr 143) 
Promethium 147 

(Pm 147) 

Rhenium 186 (Re 186) 
Rhodium 105 (Rh 105) 
Rubidium 86 (Rb 86) 
Ruthenium 106 — 

Rhodium 106 (RuRh 

106) 1 

Samarium 153 

fSm 153) 10 

Scandium 46 (Sc 46) 1 
Silver 105 (Ag 105) 1 
Silver 111 (Ag 111) 10 
Sodium 22 (Na 22)— 10 
Sodium 24 (Na 24)— 10 
Strontiiun 89 

(Sr Q91 1 

Strontium 90 — 

YttrS m 90 (SrY)— 0.1 
Sulfur 35 (S 35)—- 50 
Tantalum 182 

(Ta 182) 10 

Technetium 96 

(Te 96)- 1 

Technetium 99 

(Te 99) 1 
Tellurium 127 

(Te 127) 10 

Tellurium 129 

(Te 129) 1 

Thallium 204 

(Tl 204) 50 

Tin 113 (Sn 113)— 10 
Tungsten 185 

(W 185) 10 

Vanadium 48 (V 48)- 1 
Yttrium 90 (Y 90)— 1 
Yttrium 91 (Y 91)— 1 

Zinc 65 (Zn 65) 10 

Beta and/or Gamma 

emitting by-prod- 
uct material not 

listed above. 1 



Column 
No< II 

As a 
sealed 
source 
(mi cro- 
curies) 



10 
10 
10 
10 



10 



50 
10 

1 
10 

10 

10 
10 
10 
10 



10 



10 
10 
10 
10 
10 
10 

10 

1 
50 

10 

10 

10 

10 

10 

50 
10 

10 
10 
10 
10 
10 



10 
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out the neer of any specific license from 
the AEC, the user is not exempt fr. ^. 
adhering to .he regulations that are 
concerned with their use; hence, it is 
recommended that teachers oh*:ain copies 
of Title 10, Part 31 of the CFR. 

"Generally licensed" quantities of 
materials cannot added together to 
obtain a source of higher activity. If 
higher activities are desired, proper 
authorization must be obtained for their 
acquisition. Hence, if a teacher wants 
a 30 viCi source of ^^P, he cannot buy 
three 10 uCi liquid sources and pour them 
all together. 

The limitation on quantity by the 
Atomic Energy Commission practically 
assures the safety of the persons using 
or coming in contact with radioisotopes 
in the high school program.. However, the 
fact that they are radioactive materials 
and can constitute a safety hazard should 
always be kept in mind and the methods of 
controlling both external and internal 
hazards should become a part of both the 
student's concern as well as the concern 
of the teacher. 

A "generally- licensed" or "exempt" 
source, when used for a short time such 
as one of two hours, represents a negli- 
gible external hazard. However, if it 
were to be kept close to tht skin for 
many hours, injurious effects could 
possibly be produced. Radi-?- x')n sources 
should, therefore, not be carried in 
pockets or handled without proper tools. 
Adequate precautions should be taken to 
prevent radioactive mat'^rials, irrespec- 
t.ive of amount , from gaining entry to 
the body, e.g. , through the mouth, the 
nose, or the skin. 



Just about any labora 
involving the use of rad 
done at the high school 
complished using "geriera 
quantities will suffice, 
thumb in choosing lauioi 
used m a classroom expe 
the source of minimum st 
required to perform the 



tory exercise 
ioisotopes to be 
level can be ac- 
1 ly licensed" 

As a rule-of- 
sotopes to be 
riment , choose 
rength (acti vity ) 
experiment. 



SUPPLIERS OF GENERALLY LICENSED QUANTITIES 
OF RADIOISOTOPES: 

The following is the list of suppliers 
of generally licensed quantities of radio- 
isotopes that was used in this survey. 
The list consists of six of the ''argest 
suppliers of such radioisotopes in the 
country. However, the list is not ex- 
haustive nor are these suppliers recom- 
mended. Certainly they are not recom- 
mended over others which someone else 
might list. 



I3A Baird-Atomi c. Inc. 
33 University Road 
Cambridge, M'^ss. 02138 

Cenco Central Scientific Company 
1700 Irving Park Road 
Chicago, 111.^ 60613 

M Macalaster Scientific Corpo- 

ration 
186 Third Avenue 
Waltham, Mass. 02154 

New England Nuclear 
575 Albany Street 
Boston, Mass. 02118 

Nuclear-Chicago Corporation 
3 3 East Howard Avenue 
Des Plaines, 111. 60018 

Tracer lab-Div. of Lab. for 

tUectronics , inc. 
1601 Trapelo Road 
Waltham, Mass. 02154 

W The Welch Scientific Company 

7300 N. Lmder Avenue 
Skokie, 111. 60078 



NENC 



NC 



TL 



A more extensive list can be obtained 
from the Division of Nuclear Education 
and Training, United States Atomic Energy 
Commission, Washington, d.C. 20545. Their 
most recent list (Dec. 1966) appears cn 
page 7. The Isotope Index , put out by 
the Scientific Equipment Company, P. 0. 
Box 19086, Indianapolis, Indiana 46207 
contains probably the most complete 
listing of all such companies. 

SUPPLIERS OF SMALL QUANTITIES OF 
RADIOISOTOPES 

AEC LISTING 

Abbott Laboratories 

Radio-Pharmaceuticals 

P. 0. Box 1008 

Oak Ridge, Tennessee 37830 

Atomic Corporation of America 

7901 San Fernando Road 

Sun Valley, California 91^52 

Beta Industries, Inc. 

P. 0. Box 1407 

2275 Ted Dunham Avenue 

Baton Rouge, Louisiana 70 821 

Chem Trac 

Radiochemical Division of 

Baird Atomic, Inc. 
33 University Koad 
Cambridge, Massachusetts 0213 8 

General Nuclear, Inc. 
9 320 Tavenor 
Houston, Texas 77034 
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General Radioisotopes Processing Corp. 
3000 San Ramon Valley Boulevard 
San Ramon, California 94583 

Iso-Serve, Inc. 

131 Portland Street 

Cambridge, Massachusetts 02139 

New England Nuclear Corp. 

575 Albany Street 

Boston, Massachusetts 02111 

Nuclear Chicaqo Corp. 

333 East Howcird Avenue 

Des Plaines, Illinois 60018 

Nucla-ar Consultants Corp. 

9 84^ Tranches ter Road 

St. 'jOUIS, Missouri 6 3119 

Nuclear Research Chemicals, Inc. 
P.O. Box 6458 

100 North Crystal Lake Drive 
Orlando, Florida 32 803 

Nuclear Science & Engineering Corp. 
P. 0. Box 10901 

Pittsburgh, Pennsylvania 15236 

Nucleonic Corporation of TUnerica 
19 6 Degraw Street 
Brooklyn, New York 11231 

Schwarz Bio-Research, Inc. 
Mountainview Avenue 
Orangeburg, New York 10962 

Squibb, E. R. and Sons 
Radiopharmaceutical Department 
Georges Road 

New Brunswick, New Jersey 0 8902 
Tracerlab 

Technical Products Division 

1601 Trapelo Road 

Waltham, Massachusetts 02124 

U. S. Nuclear Corp. 
P. 0. Box 208 
Burbank , California 

Volk Radiochemical Company 
82 60 Elmwood Avenue 
Skokie, Illinois 60076 



These companies are catalogued in the 
Isotope Index , put out by the Scientific 
Equipment Con^any , 0. Box 190 86, 
Indianapolis, Indiana 46207. 

The Annual Buyers Guide issue of Nucleonics 
magazine carries a good list of nuclear 
equipment and radioisotopes Suppliers. 

RADIOACTIVE DISC SOURCES: 

Solid radioactive sources may be ob- 
tained in the form of a soaled heat- 



resistant, waterproof plastic disc. An 
extremely thin Mylar film permits the 
passage of the desired radiation. These 
sources provide various types of activity 
at different energy levels. They are 
ideal for studies m backscatter, adsorp- 
tion, isotope identification and for the 
demonstration oT various other prooertios 
of radiations. Table 2 is ^ rather com- 
plete listing of low cost generally 
licensed uncalibrated radioactive disc 
sources that are available for high 
school use. For demonstration purposes, 
the disc sources with a half life greater 
than one year are recommended for economy 
reasons. (See Table 2) 

Notes: *Alpha emitting Americium-241 and 
can be purchased from Cenco, but a 
specific Atomic Energy Commission 
license is required. 

(TL) Sumpolizes a 0.1 uCi disc source 
sold by Tracerlab for $4.00. 

RADIOACTIVE LIQUID SOURCES: 

Solutions of radioactive salts are 
available in generally licensed quanti- 
ties. Their use includes the demonstra- 
tion of nuclear phenomena, counting 
techniques, tracer studies, volume 
determinations, etc. Table 3 is a 
rather complete listing of the liquid 
sources that are available. A glance 
at the table shows that a wide range of 
alpha, beta, and gamma radiations of 
various energies and half lives can be 
obtained. Because of the internal hazard 
and the possibility of contamination of 
lab areas, liquid sources of relatively 
short half life (months or less) are 
recommended. Short-lived radioisotopes 
are generally shipped to arrive at maxi- 
mum activity. (See Table 3) 

Americium-241 and Neptunium-237 solu- 
tions may be purchased from Cenco, but 
their purcahse requires a specific AEC 
license . 

Pipetting of radioactive solutions 
should never be done by mouth. Indirect 
methods must always be used. Various 
inexpensive types of pipettors are avail- 
able on the market. 

Many suppliers of radioisotopes require 
a minimum order. Ordering requirements 
should always be checked before orders 
are mailed in. The prices listed in this 
survey are merely intended to give an 
idea of the approximate cost of the var- 
ious isotopes available. Each supplier 
reserves the right to change prices ^t 
any time. Therefore, prices should al- 
ways be checked before orders are filled 
out. 
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ALL-PrRPOSi: I^/\D10ACTIvr r-(*VRCVS: 

TAI:LC 4. GOOD ALL-PU'^P(^^^r 
RADIOACTIVE SOURCES 



Ra 
RaDKF 



* Co 



Cs 



S}iort-LxvC(l 
Liquid 
Sources 



Notes 



1 . 



Radium IS a good cloud chamber 
source . However , i t must be 
remembered that radium sources 
contain more than }»ist radium. 



Since all of the dauqhtor 
products of radium arc present 
in the source in equilibrium 
amounts (after a period of 
time) and since several of 
uliese daughter products are 
also alpha emitters, ? radium 
tip will emit several differ- 
ent alphas with energies which 
range from 4.5-10 MeV. In 
the cloud chamber, alpha 
tracks of varyi.-^g lengths 
will be observed. 

If the radium source is very 
thin, some of the tracks can 
be associated with their 
parent atoms by matching the 
observed ranges m air {alco- 
hol vapor) with the^r approx- 
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Table 3. Uncalibrated Radioactive Liquid Sources 
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1 1 ft- 



! 7. J> 
j 470(1 

I 



I Activit 
Aval 1 ah 



10 

10 



I AT ' on- 1 4 
Carbon- 14 
c arbon-14 
Tarbon-l 4 
Con un- 14 4/ 
Trascodyni un- 1 4 4 [ 2 

Cesiun-1 3 7/ 



'jtOy 
St>Oy 



liAt lum- 1 3 7 




JOy 


ChJoriiit'- J€« 


K 


u 


CObAlt-S7 




70(i 


Coba It -60 


s 




IoJlino-131 




04d 


lion-55 


2 


.7y 


U"tii'2lO/ 







niswvith-2 10 

>!an<j,iineBe-54 

Kercv)ry-203 
Nick«?l-f.3 

Phosphoros- i2 

I'i'Oinet.hiom-147 

Rutheni un- 1 06/ 
Rhodium- 106 



Solfur-35 
Solfur-35 
Sol fur-35 

Strontiom-90/ 
yttriom-90 



Thai liura-204 



Uranyl S'ltrdte 
(sol:d; 



2inc-6S 



47d 
l.>t>y 

14. 2d 
.>.6y 

371d 

2 . by 

87. 2d 
87. 2d 
87. 2d 

28y 

3.6y 
4 S • lOV 

24Sd 



50 
SO 
50 



10 
*^-10 



1-10 
1 
1 

1 .Cl 

10 
5-10 

1 

1-U> 

50 
50 
5-50 

0 1 

i-50 
2-5 grans 

5-iO 



; Maximum 
Kncrqi 



Princip-il I 
I no rq ICR ' 



L'rqiOK 



0 .2S4 
0.1 'jS 

0. r 

0. ; ' 
i 0 

' 0.1 
0 i2 

^ 2 ye 
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, 0 M 

! 0.71 



0. i'.8 
0 . y H 7 , J c 



Ohcmic»il 
torn 



Od ( NO , ) , 
CdCl 



Urt CO, 



!C1{ ,C'^N 

I (CJi .CO) 70 

|HM. CH C(X)H 
iCcC) . 



I 



' U i 1 0 
0 . ji.C.tl 



0.017 
1.17 



, 0.21U 
1 0.067 



1 .71 

0.22 

0.039 
3.55 

. 0 54 

0.167 
0. 167 
0. 167 

0.^4 
2.26 



I 1. 17.1.33 

0. 36, 0.64 
LC, ^no 



0. 84.EC 
0. 279 



complex 
1 .28.EC 



KG, no , 
l.U,EC 



HCl 
C.Cl 



Feci , 



Pb(NO,} . 
MfiCl 



(NO ) 
NlCl , 



Nh .PO^ or 
H ,P0^ 



RuCl } 
NaCJ 

S in < 

S m «ai< 
H SO^ 

SrCl, 

TlNOi 

UO. (NOO^-6HjO 



2nCl, 



Suppl lers 



'do 1 l«>i s) 



UA, C**nco 

N'EI.'C , 

C*»nco,Nc 

BA , Cenco, 

sc, w 

IJA.Ccnco. 

NC. TL 

NKNC, y 

NC 

NC 

NC 

W, K, 
TL 

BA , Ccr . o , 
NKNC .NC 
DA 

DA NENC.TI. 
NC, TL, W 
UA, Cenco. 
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BA.NC.W.K 
UA.NF.NC, 
TL. M 
TL. W 
OA. Cenco. 
NENC.NC.M 
HA, Cenco. 
NENC. TL 
NC 

HA.NFNC, 
TL 

BA^NENC, 
NC.W.M 
b A. Cenco. 
NEN^. TL 

Cenco. 

NC. TL 
BA. Cei'co. 
NENC.M 
Cenco 
NC 

BA.NENC, 
NC. TL 
SC. TL 
BA, cenco. 
NENC.NC, 
TL, M 
BA, Cenco, 
NENC. 
BA, Cenco, 
NENCTL 
NC.TI.,W 
BA, Cenco , 
.NENC. 



6-8 



16 
17 
It 

6-7.5 

6-7,', 
6 

6-7 5 



7.5-12 
o -7 



0-7.5 
6-10 



7.5 
6-7 



6-12 
6-7 

6 

6-20 
6 

7.5 
6-8 



6-7.5 
6-10 



Volume 
(nl. ) 



5 

20-40 



5-2^ 
5 



5-10 
5 



1. Iron-55 enits characteristic Kn x ray of 5.9 KsV. 

2. Bismuth-210 also enits 5.03 MeV alphas. 

3. Aiaer ic iati-24 1 and .Neptoniun-237 solutions nay be purchased from Cenco, but their purchase 
requires a specific AEC license. 
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imate enerqy as obta.ned on a 
range vs. energy graph. The 
energy obtained can thon be 
matched with the known ener- 
gies of the alphas emitted 
by radium and its daughters.. 
If the radium source is thick, 
this parent identification 
':annot be done accurately 
because many of the alphas 
will lose energy within tho 
source before they omergo 
into the volume of the cham- 
ber and hence their range 
will be shortened. The net 
result is that a fairly con- 
tinuous spectrum of alpha 
energies is observed. 

2.. Cenco markets on Alpha P.ey Tip 
Radium) for $10.50. Welch 
markets an Alpha Ray Source 
vRadium) for $1.25. 

3. Unlike radium sources which 
emit alphas with energies 
ranging from 4.5 - 10 MeV, 
Radium DKF sources are mono- 
energetic. A radium DEF 
source consists of radium E 
and F in secular equilibrium 
with Radium D. 



5. Both Strontiuin-90 and Thal- 
lium- 20 4 aic considered pure 
beta emitters. 

6.. Both Cobalt-60 and Cesium-137 
give off be*-a particles as 
well as gamma radiation. How- 
ever, the beta particles can 
easily be shielded out with 
aluminum foil, Ivcito, plas- 
tic or glass. 



RaD 



22y 



RaE 

5.0d 
(2lOBi) 



stable lead 
(^^*Pb) 



Since Radium D and E are essentially 
beta emitters, only the 5.3 MeV alphas 
of Radium F are observed in the cloud 
chamber. Hence, Radium DEF is a good 
source for showing that alphas are mono- 
energetic (which implies an alplia spec- 
trum is discrete). The reason RdDEF 
cloud chamber sources are manufactured 
instead of pure RaF sources is becau.«e 
the half life of RaF is only 138 days. 
The half life of RaD is ?2 years, and 
the half lives of all of its radioactive 
daughters (RaE and RaF) are all much 
less than 22 years. All of the daughters 
must therefore decay at the same rate as 
RaD. This means that the RaDEF source 
has an effective half life of 22 years.. 

In summary: 

RaDEF is a good monoenergeti c alpha 
source. 

Radium is a good source for demonstra- 
ting the presence of the radioactive 
daughter products which exist in secu- 
lar equilibrium with radium. 



Macalaster Scientific Corpora- 
tion (186 Third Avenue, Wal- 
tham, Mass. 02154) markets a 
RdDEF cloud chamber source for 
$1.50. 
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Use of the Electroscope as a 
Measuring Instrument in 
Radioactivity 

If some of your students are interest- 
ed m a side project on the use of the 
electroscope as a measuring instrument 
m radioactivity, you can start them 
off by suggesting that they actually 
measure the capacity of one of your 
laboratory electroscopes. For this, the 
related physical quantities are: 




where : 

C = capacity m farads;, 

A = area of one of parallel plates 
m m'^ ; 

d = distance between the plates m m- 
= the electrical constant; 
8.9 X 10-1- coulVnt-m^. 

Of course, thc^ electroscope is not a 
parallel plate capacitor — only a rough 
approximation to one — but don't tell 
this to the students at first; it makes 
an excellent question about the nature 
of experimental accuracy later on. 

The capacitor carries a charge: 
Q = CV.' If you consider fhat the plate 
area is about 0.0005 , and that 
d = 0.05 m, the capacity c = 8.9 x lO'^"* 
farads — this can be simplified to 
10 ^3 farads without causing complica- 
tions. Then, the charge on the fully 

charged electroscope = 10"^ '* x lo'* = 10"- 
coul. 

If you have some uranium salt avail- 
able, this experiment can be extended. 
Ten mg of U will emit about 120 alpha 
particles/sec, with an energy of 
4.2 MeV/particle. But only 35 eV of 
energy are required to produce one ion 
pair in air. So, if the alpha rays are 
directed into the electroscope, the air 
mside will ionize to the following ex- 
tent: 

4.2 X 10^ X 120 
35 

= 1.44 X 10^ ion pairs/sec. 

If the leaves of the electroscope are 
charged negatively, the positive ions 
created m the air will move to the 
leaves at the above rate. 



1.44 X 10^ ions/sec 

1 . 6 ^ 10"' coul/ion 

= 2.3 X 10"^*^ coul/sec. 

: rom the above, it would take +10"- coul 
to neutralize the negatively charged 
leaf, the total time to collapse the 
leaves should be 



sec = 440 sec, 

2.3 X 10"!^ 



or about 7 minutes. Ask the students 
who want to try this to think about what 
might cause deviations from the exact 
time predicted. 
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Suggested Answers to Unit 6 Tests 
Test A 



SECTION 

■^tM ANSWER 01- UNIT 

1 B 21.6 

2 C 21.6 

3 B 21.6 
^ D 21.4 
5 D 21.1 

^ A 21.3, 21.4 

D 23.7 

S B 24.8 

^ E 22.1, 22.2 

A 22. 1 , 22 .2 

D 22.6 

D 21.3, 21.4 

^3 C 24.2 

^4 B 23.5 

C 24.5, 24.6 
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Group I 

1. Section of Unit: 24.4 

Given: atomic mass of = 1.0080 amu 

atomic mass of L'^ = 7.0160 amu 

atomic mass of He^= 4 .0026 amu 

1 amu = 931 MeV 

iH^ + 3Li^ — ^ aHe'* + aHe'* 

1.0080 + 7.0160 2 (4.0026) 

8.0240 ^ 8.0052 

Am = 0.0188 amu 

(0.0188 amu) (931 MeV/amu) = 17.5 MeV 

2. Sections of Unit: 22.1, 22.2 



92M 



2 38 



92M 



2 34 



3. Section of Unit: 21.8 

"The law of disintegration of a radioactive substance is a statistical law" 
because: 

i) it applies to a large population, 
ii) it makes no prediction regarding an individual atom, 
iii) it does not attempt to explain cause. 

4. Section of Unit: 21.8 

8 mg 4 mg > 2 mg » 1 mg 

This reduction will take 3 half-lives = 3(3.05) min 

= 9.15 min. 



Answers 
Test A 



5. Sections of Unit: 24.5-24.8 

The list of topics suitable for discussion within the framework of this question 
IS long. The following examples are by no means intended to exhaust all the possi- 
bilities. A sufficient answer could involve a brief discussion of the effects of 
using atomic energy in electric power production, tran'^^portation , or water desali- 
nation. In addition, a student may wish to consider the effects of military appli- 
cations, or the consequences of fallout,. 
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Group II 

1. Sections of Unit: 24.6, 24.7 

a) The function of the moderator in a nuclear reactor: fission is caused by 
the 'capture- of a neutron by a heavy nucleus. There is a greater prob- 
ability of this occurring if the fissionable material is bombarded with slow 
neutrons. Fast neutrons lose energy and are slowed through collisions as 
they pass through a moderator. 

b) Heavy water is an effective moderator since the mass of the atoms it con- 
tains is approximately equal to the mass of a neutron. Consequently, a 
neution will lose a large fraction of its energy in a collision with an 

H nucleus, in addition, the density of H atoms in heavy water is high. 
Neutrons passing through heavy water are not absorbed by the nuclei and 
are thus available to produce fission, other moderators, for example, 
or mary water, are less effective because they absorb neutrons. 

2, Section of Unit: 2 4.11 

a) The nucleus is regarded as analogous to a charged drop of liquid. 

Particles in the nucleus, like the molecules in a liquid drop, are in 
continual random motion. 

As in the evaporation of molecules from the surface of a liquid drop, 
nuclear particles may gain sufficient energy through chance collisions with other 
nucleons to overcome the attractive nuclear forces and escape from the nucleus, 
h) i) describes nuclear reactions 

ii) accounts for fission 

3. Section of Unit: general 

The elbow-shaped object is an electromagnet, its function is to bend the par- 
ticle beairr, and in doing this to separate out the particles of interest, m addition, 
the magnet might be used to focus and aim the particle beam. 



t 
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Suggested Answers to Unit 6 Tests 
Test B 



ITEM ANSWER 



1 
2 
3 
4 

5 
6 
7 
8 



11 
12 
13 
14 
15 



D 
E 



B 



9 B 
10 E 



A 



SECTION 
OF UNIT 



C 24.13 



21.3, 21.4 
21.3, 21.4 



A Study Guide p. 85 

& Unit V 

A 21.8 
C 23.7 



21.2 



D 23.4 

22.1, 22.2 



21.5 

C 24.5, 24.6 

S 24.8 

A 24.5, 24.6 



21.3 



C 24.5, 24.6 
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Test B 



Group I 

1. Section of Unit: 21.5 

NO. The decay constant is the fraction of decaying atoms per unit time. This 
quantity is observed to be constant for a particular element. Consequently, the 
decay activity is a function of the number of surviving atoms of the element and 
must decrease as the number of survivors decreases. Thus, the "total lifetime" of 
a sample is indefinitely long, for the fewer atoms that are left unchanged m the 
sample, the fewer will disintegrate per unit time. 

2. Section of Unit: 23.8 

No. Granted, gold has been produced from other materials. However, these 
transformations vary greatly, in method and m purpose, from the attempts of the 
alchemists . 

3. Section of Unit? 24.2 

The Ba^**^ nuclide is more stable than Ra^^^ nuclide. 

4. Section of Unit: 22.1 

Nuclides of lead 206 and 214 have the same number of protons but different 
numbers of neutrons. Thus, they have the same chemical properties but have dif- 
ferent atomic masses. In addition, they have different radioactive behavior. 

5. Section of Unit: General 




Radioactive 
Source 



Counter 



The probe that the man is holdmc; includes both a radioactive 
source and a counter tube. With this he is able to measure 
the thickness of the pipe walls. However, since the details 
of the probe are not shown, a satisfactory answer might suggest 
that a tracer had been introduced earlier and the man was mea- 
suring the rate of flow, density, pressure, etc., of the fluid 
in the pipe.. 
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Group II 

1. Sections of Unit: 24.5-24.8 

Fission: A heavy nucleus is split into two nuclei of intermediate mass number. 

The sum of the binding energies of the two product nuclei is greater than the 
binding energy of the heavy nucleus. Consequently, energy is released. 

Fusion: Two or more nuclei with low mass numbers are joined together to form 
a more massive nucleus. 

The heavy nucleus has more binding energy than the nuclei from which it is 
formed. Consequently, energy is released. 

Both processes can be made to occur on a large scale, and very rapidly, resulting 
in nuclear explosions. The speed of the fission process can be controlled, resulting 
in the production of energy at a desired rate. Scientists are now trying to control 
the rate of the fusion process. 

2. Section of Unit: 21.6 

When a radioactive atom emits an a or 6 particle it really breaks into two 
parts — the a or 6 particle and a heavy left-over part that is physically and chem- 
ically different from the original atom. 

3. Sections of Unit: 24.6, 24.7 

Nuclear explosions release large amounts of radioactive materials. Winds carry 
these materials long distances and precipitation brings them down to earth. Some 
of the radioactivities are long-lived, and are absorbed in growing foodstuffs and 
eaten by animals and people. Under certain conditions these radioactive materials 
can cause harmful genetic and somatic effects. For example, one of the long-lived 
products of a nuclear explosion is strontium 90. This isotope of strontium is 
similar to calciiim 40 in its chemical properties and hence when taken into the body 
it finds its way into bone material. If present in large quantities its radioactive 
decay can cause leukemia, bone tumors and other forms of damage.. 
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Suggested Answers to Unit 6 Tests ^ 



Test C 



TTPM 




SECTION 
OF UNIT 


ITEM 


ANSWER 


SECTION 
OF UNIT 


1 

X 


B 


21.6 


21 


D 


23.- 




B 


21.6 


22 


D 


23.- 




C 


21.6 


23 


D 


21.3, 21. 


*l 


B 


21.3, 21.4 


24 


D 


general 


e 


D 


21.8 


25 


B 


24.5 


c 
O 


D 


22.- 


26 


E 


23.3 


7 


D 


21.3, 21.4 


27 


A 


24. 2 


8 


E 


21.8 


28 


C 


24.5 


9 


C 


21.3, 21.4 


29 


B 


24. 8 


10 


A 


21.3, 21.4 


30 


A 


24. 8 


11 


C 


21.8 


31 


C 


21.3, 21. 


12 


B 


21.8 


32 


C 


21. 8 


13 


E 


22.5 


33 


B 


21. 8 


14 


A 


22.7 


34 


E 


22.1, 22. 


15 


A 


22.1, 22.2 


35 


C 


21.- 


16 


E 


22.- 


36 


C 


24. 8 


17 


C 


23.7 


37 


B 


24.6 


18 


E 


23.8 


38 


D 


24.6 


19 


A 


22.- 


39 


C 


24.6 


20 


E 


23.- 


40 


A 


21.8 



4 



4 



2 
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Suggested Answers to Unit 6 Tests 



Test D 



Group I 

1.' Section of Unit: 23, 



»1 7 



a) gO^^ + on^ ^ 

b) gO^^ and qO^^ are both isotopes of oxygen. 

2. Section of Unit: 24.2 

Given: mass of 2^^^' atom = 4. 002401 amu 
mass of e = 0.000549 amu 
mass of p = 1.007276 amu 
mass of n = 1.008665 amu 
1 amu =9 31 MeV 

An oHe** atom consists of 2 electrons, 2 protons and 1 neutrons. 

2 p = 2(1.007276) = 2.0i4b52 
2 n = 2(i.0086('5) = 2.017330 
2 e" = 2(0.000549) = 0.001098 

4.032980 
pHe** = - 4.002603 

Am = 0.030377 amu 

(0.030377 amu) (931 MeV/amu) = 28.28 KeV 



3, Section of Unit: ?X.6 



A radioactive atom undergoes change on emitting an a or 6 particle. The 
original atom is transmuted to one with new physical and chemical properties. 
Traditionally atoms were considered indestructable and unchangeable. 



4. Section of Unit: 21.1 



In his studies of uranium Becquerel found that: 

a) whether or not the uranium compound was being e. cited it continued to 
emit radiatio. i that could penetrate substances opaque to light. 

b) the amount of exposure of a photographic plate due to the radiations 
from the uranium compound was only a function of the amount of 
uranium present. 
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Test D 



5. Section of Lrnit: 24.13 

a) The physical and chemical effects of various kinds of radiations on 
biological materials are being studied. 

b) The metabolism of plants and animals is being studied with the aid of 
minute amounts of radioactive nuclides called isotopic tracers. 

c) Agricultural experiments with fertilizers containing radioactive isotopes 
have shown at what point ir the growth of a plant the fertilizer is 
essential . 

d) Radioactive isotopes help to determine the details of chemical reactions 
and of the structure of complex mol.-ules, such as proteins, vitamins and 
enzymes . 

e) Tracers help to determine rate of flow of blood through the heart and to 
the limbs, thus aiding in the diagnosis of abnormal conditions. 
Certain radioisotopes have been used in the treatment of cancer, blood 
diseases, brain tumors, and in the diagnosis of thyroid, liver, and 
kidney ailments. 



f) 
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i 



Group II 

1. Section of Unit: 21.8 

1. The fraction of Tche total number of atoms in a sample which decays per unit 
time is constant for any type of radioactive at.om. Therefore, radioactivity 
must decrease in proportion to the number of surviving atoms. Thus, the 
••total lifetime" of a sample is indefinitely long for the fewer atoms that are 
left uncnanged in a sample, the fewer will disintegrate per unit time. 
Consequently, "total lifetime" is not a useful measure of decay rate. 

2. Sections of Unit: 22.1, 22.2 

a) An a-particle emission reduces the positive charge of the nucleur by two 
units. Consequently, the resulting nuclide holds two fewer electrons in 
its outer shells. This new nuclide acts chemically like an atom with an 
atomic number two units less than that of the atom before the a emission 
occurred. 

b) A B-particle emission increases the positive charge of the nucleus by one 
unit. Consequently, the resulting nuclide holds one more electron in its 
outer shells. This new nuclide acts chemically like an atom with an atomic 
number one unit greater than that of the atom before the B emission occurred. 

3. Section of Unit: 24.12 

The nuclear shell model assumes that protons arrange themselves in shells and 
that neutrons can, independently, do likewise. In nuclei with even numbers of 
neutrons and protons, the more stable nuclei, these shells are filled. This model 
has been worked out in great detail on the basis of quantum mecnanics and is anal- 
ogous in many ways to the quantum mechanical model of the atom.. 

The nuclear shell model has successfully correlated the properties of nuclides 
that emit a or B particles and photons. Furthermore, it has been useful in describing 
the electric and magnetic fields that surround nuclei. 



ERIC 



111 



index 
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Gamma, radiation, properties of, 83, 86 

rays, 36 

spectra, 87 
Gaseous diffusion method of separating 

isotopes, 56 
Geiger tube, 59, 72 

Half-life, 26,. 37, 62, 66 
Histogram, 60 

Hypothesis, proton-electron, 40 

proton-neutron, 41 
Index, 112 
Isotopes, 38 

relative abundance, 39 

separation of, 38 

stable, 39 

Kinetic energy, 38 

Lawrence, E. 0., 43 
Lead, isotopes of, 38 
Liquid-drop model, 47 
Loops, 1, 49, 57 

Magnetic moment, 40 
Mass. atomic, 39 
defect, 44 

-energy balance, nuclear reactions, 44 

of a , B, and y rays, 36 

rest, 44, 45 

spectrograph, 56 
Medical applications, nuclear, 48 
Meitner, Lise, 45 
Meson, 46 
Model, 35, 40 
Model, nuclear 

liquid-drop, 47 

shell, 47 
Moment, magnetic, 40 
Momentum, angular, 42 
Multi-Media, 1, 4 

Neutrino, 41 
Neutron 

fast, 45 

slow, 45 
Neytron, discovery of, 41 
Nuclear force, 46 

physics, applications (biological and 

medical), 48 

radiation, units, 48 

reactions, 42 

reactions, mass energy balance, 44 
structure, 40 
structure, 41 
Nucleus 

composition and structure, 40 
Nuclides, notation, 38 

Oddness, 39 

Oscillations, characteristic, 47 
Overview of Unit 6, 1 

Parity, 48 

Particle accelerators, 42 
"Philosopher's stone", 38 
Phosphorescence, 35 



Photocell^ cadmium selenide, 72 
Planck, 47 

Poisson distribution, 61 
Positive rays, 38 

Properties, a, 3 and y radiations,. 83, 86 
Procon-elect ron hypothesis, 40 
Proton-neutron hypothesis, 41 
Proton-proton cycle,. 46 

Rad, 48, 76 

Radiation, absorption,. 83 

safety, 76 

units, nuclear, 48 
Radioactive, detecting devices, 95 

disc sources, 90, 91 

elements, 35 

liquid sources, 90, 92 

materials, storage, 82 

series, decay, 37 

tracers, 69 
Radioactivity, artificially induced, 43 

electroscopic detection. 94 

measurement of, 76 

naturally occurring, 55 
Radiocarbon dating, 75 
Radioisotopes, suppliers,. 88 
Random events, 59 
Range, alpha & beta particles, 61 
Rate 

decay, 37 

disintegration, 48 
Rays 

alpha, beta, gamma, 36 

"canal", 38 

positive, 38 
Reactions, nuclear, 42 
Reactors, breeder, 45 
Reader, 1, 50 
Rem, 76 
Rep, 48 

Resources charts. 
Rest mass, 44, 45 
Roentgen, 48, 76 
Rules 

displacement, 38 

transformation, 38 

Safety, radiation, 68, 76 
Sealer/counter, 71 
Schedule blocks, 7, 11, 15, 19 
Shell model, 47 
Shielding, radiation, 79 
Spectra, alpha, beta, gamma, 87 
Spectrograph, mass, 56 
Spin, 40 

Stability, nuclear, 44 
Stars 

norma 1 , main-sequence , 4 6 
Study guide 

brief answers, 23 

solutions, 25 
Summaries 

experiment, 10, 22 

loops, 49 

reader, 51 

16mm films, 50 

transparencies, 49 
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